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ABSTRACT

This multi-year research study was initiated to find solutions to improve packagating and cooling
equipment operating efficiency in the fieldRacific Northwest Nadnal Laboratoryf{PNNL)with funding
FNRY GKS | ®{ & 5 S LJ $YBuvdthy Techeobgied QftchlBEOpa@nd BoBnevall@Power
Administration (BPA) conducted this research, development and demonstration (RD&D) study.

Packagedheating and coling equipment with constant speed supply fans is designed to provide
ventilation at the design rate at all times when the fan is operasind when the building is occupied
required by building code. Although there are a number of hours during thevdeg a building may

not be fully occupied or the need for ventilation is lower than designed, the ventilation rate cannot be
adjusted easily with a constant speed fan. Therefore, modulating the supply fan in conjunction with
demand controlled ventilatio(DCV) will not only reduce theeating/coolingenergy but also reduce the
fan energy.

The obijective of this mulyearRD&Dproject was to determine the magnitude of energy savings
achievable by retrofitting existing packaged rooftopuaiits (RTUs)ith advanced control strategies not
ordinarily used foRTUs First,jin FY11throughdetailed simulation analysig& wasshown that

significant energybletween24%and 35%) and costavings (38%) from fan, cooling and heating energy
consumptioncould berealizedwhen RTUswith gas furnaceareretrofitted with advanced control
packagegcombining multispeed fan contrglintegrated economizer contrond DCY, The simulation
analysis also showed significant savings for heat pumps (betwééa2d 6@4. The simulation

analysis was followed by an extensive field test of a retrofittable advancea&titdller.

In FY12, otal of 66 RTUs on 8 different buildings were retrofitted withommercialy available

advanced controller for improving RTU operatib efficiency.Of the 66 RTUs, Were packaged heat
pumps and the restvere packaged air conditioners with gas heat. €fght buildings cover four

building types, including mercantile (both retail and shopping malls), office, food sales, and healthcare
These buildings are located in fadifferent climate zonesncluding warm and coastal climate, mixed
and humid climate, mixed and marine climate, and cool mdst climate. Oneminute interval data

was collectd from these 66 units over a 4Bonth peaiod. During the 12 months of monitoring period,
the controls on the RTUs were alternated between standard-(pmfit mode) and advanced control
modes on a daily basi§he measured actual savings, the normalized annual energy savings, and the
savingauncertaintieswere calculated using the methods described in the American Society of Heating,
Refrigeration and Air Conditioning Engineers (ASHRAE) Guidelidajb4 findings from this work are
highlighted below:

9 The advanced controller redud¢he normalizedannual RTU energsonsumptionbetween 224
and 90%, with an average of%/for all RTUsThe fractionsavings uncertaintwas12% for
normalized savingsignificantly lower than the average savings

1 Normalized annual electricity savingere in the range between 0.2kWh/h (kwh perhour of
fan/unit operation)and 7.2 kWh/h, with an average of 28kWHh.

1 Fan energy savings mkaa dominant contribution to the total RTU electricity savinghile the
heating and cooling energavingsvaried with units andwere relatively smaller in comparison



with fan energy savings. In general, fan energy savindsrhh less uncertainty than heating
and cooling energy savings.

9 As expected, savings increased with the RTU size. The electricity savings thifrmasebout
1.0 kWh/h for the group with RTU cooling capacity less ttatons, to 1.%kWh/h for the group
with RTU capacity between 10 and 15 tons, and theB.9&Wh/h for the group with RTU
capacity greater than 15 tons.

1 On average, packaged air catiwhers (AC units) with gas heat achieved more electricity savings
than heat pumps (HP unitshhe AQunitssaved 2.60 kWh/h, while the HP group saved 1.75
kWh/h. The reason for this is that the average size of HPs was smaller than the average size of
the ACs.

1 Normalizing the annual savings with unit runtime and fan horse power apgdéarte a better
indicator of the potential savings from this retrofithe variation of annual normalized RTU
electricity savings were betweerDB and 80 Wh/h/hp, with awerage savingef approximately
703Wh/h/hp across all eight sites.

Based on the normalized annwaeéctricitysavings and the installed cost of the advanced controller, the
simple paybackeriodwas calculated for threarbitrary electricity rates incluaig 0.05 $/kwh, 0.10
$/kWh, and 0.15 $/kWhNote that the gas energy savings were not considered in estimating the
paybackperiods because gas consumption was not directly measukdajor findings from the

economic analysis include the following:

1 For allRTUs, the average paybawriodwas 6, 3, and2 years, respectively for the three utility
rates. These paybagieriods account for the controller cost and labor to install the coménmol
The simple paybagberiodfor individual units varid from 9 monthsto 10 years for the
electricity rate of 0.15 $/kWh. The units with the shortest payback pesie either large units
(e.g., greater than 15 tons) or tighe longest runtime (e.g., 24/7 operations).

For all eight building sites, the simple paybpaekiodfrom the advanced controller installation range
between 1 to4 years for the utility rate of 0.15 $/kWh, between 1Y% years é¥gyears for the utility

rate of 0.10 $/kWh, and between 3 years arlykars for the utility rate of 0.05 $/kWhBased on the
analysis of the over 60 units in 4 different building types and 4 climate locations, RTUs greater than 20
cooling tons capacity and runtime greater than 14 hours a day will have payback periods less than 3
years even at $0.05/kWh, while units with 7.5 toepacity that run less than 10 hours a day will need
50% utility incentie even at $0.15/kWh to have ay@ar payback. Although the number of climate
locations covered by this demonstration study was sniiadl results are applicable other climate
locaions as well. Bcause signifant savings from this retrofit we associated with fan electricity
savingswhich are dependentn unit runtime and fan size, the savings in other climate locattwsiid

be similar.

The total source energy consumption asgted with RTUs (air conditioners and heat pumps) is over
1,000 trillion Btus.Based on the measured savings, even if-bal of the packaged RTUs in the field
are retrofitted with the advanced RTU controller, it will result imaal savings of appromately 285
trillion Btusof source energyTheseenergy savings are equivalent to removing ov@coalpowered
(200 MW each) power plants over 10 nuclear power plants,(DO MW each)



EXECUTIVESUMMARY

The multiyear research study was initiated find solutions to improve packagéeating and cooling
equipment operating efficiency in the fieldPacific Northwest National Laborataf NNL)with funding
FNRY GKS | ®{ & 5 S LI $YBuvdhy Techeobgied QftchlBEQRa@nd BobniP@ier
Administration (BPA) conducted this research, development and demonstration (RD&D) study.
Packagedooftop units (RTUs) anesed in 4% @.1million) of all commercial buildingserving ove60%
(39 billion square fee} of the commercial buildinfioor space in the U.S. (EIA 3)0 The site cooling
energy consumption associated wigTUss about 160 trillion Btus annually. Packaged heat pumps
account for an additinal 70 trillion Btus annuallyThe source energy consumption of these units isrov
1,000 trillion Btus.Therefore, even a small improvement in péyad operation of these units can lead
to significant reductions of energy use and carbon emissions.

Packagedheating and coolinggquipment with constanspeed supply fans is designedpmvide

ventilation at the design rate at all times when the fan is operating as required by building code.
Although there are a number of hours during the day when a building may not be fully occupied or the
need for ventilation is lower than designdtie ventilation rate cannot be adjusted easily with a

constant speed fan. Studies have shown that demraasked ventilation control can save significant
energy in climates that are not favorable for economizindpave significant heating energy loads
Therefore, modulating the supply fan in conjunction with demand controlled ventilation (DCV) will not
only reduce thdan energy consumptiobut alsowill reduce theheating/coolingenergyconsumption

Therefore, the objective of this muljiearRD&Dproject was to determine the magnitude of energy
savings achievable by retrofitting existing packaged roofoips (RTUsyith advanced control

strategies not ordinarily used for packaged units. FinsEY11lthroughdetailed simulation analysig
wasshown that significant energylletween24% and35%) and costavings (38%) from fan, cooling and
heating energy consumptiocould be realizeavhen RTUswith gas furnaces we retrofitted with

advanced contra@(combining multispeed fan contrglintegratedeconomizer controland DCY. The
simulation analysis also showed significant savings for heat pumps (betw&esn206®9. In FY11,he
simulation analysis was followed by an extensive field test of a retrofittable advanced RTU controller.

A review ofavailable products identifiethree potential products to choose from: 1) Catalyst, 2) Enerfit,
and3) DigiRTU OptimizesAll vendors retrofit the supply fan with a variadflequency drive (VFD) that

can vary their speed based upon the RTU mode (hgattinde, cooling mode or ventilatiesnly mode).

All of the vendors provide advanced-aide economizer controls aridC\capabilities. The aide
economizer was integrated with mechanical cooling and economizer activation was based upon
differential diy-bulb temperature or differential enthalpy. One vendor also provided the capability to
modulate the compressor speed tontrol cooling capacity All of these vendor retrofits came with new
instrumentation to support the new control sequence strategi@dong with the additional

instrumentation, most of these vendors claimed to have some level of fault detection diagnostics (FDD).
After a detailed review of features of all available products and the maturity of products, PNNL chose to
evaluate the Catlyst product in the field.

ADVANCEDRTU CONTROLLERDESCRIPTION

In most packaged units, a zone thermostat controls the operation of the compressor or the gas furnace,
depending on whether the zone thermostat is calling for cooling or heattigunitstested in the field



dzi SR & & dohvghRohaNderitrol strategies, the compressor or furna@s turned on or off to
maintain the zone thermostat set poimtith the supply fan operating continuousirhen the building is
occupied to providesufficientventilation air and provide comfort heating and cooling for the spalte
addition, the conventionalcontrols tested in the fieldbefore the RTUs were retrofitted with advanced
controllers,used a fixed drybulb highlimit for economizer controls. Wheié outdoorair temperature
was less than 5% and the thermostat calti for cooling, the outdoosair damper ogned fully (100%).
When there wa a call for cooling and the outdoeair temperaturewas greater than 5%-, the outdoor
air dampemwas set to itaninimum position and mechanical coolingsenabled. The supplyfan speed
could notbe modulatedunder the conventional RTU contrsl) itsupplied constant air volumeinder all
modes of operations (ventilation, heating or cooling).

In contrast, he adanced controller tested in the field had the following featurgdegrated airside
economizers, suppifan speed controls, and demasntrolled ventilation. If the units had multiple
compressors, compressors were staged. The integrated economizeolsamsed differential dapulb
temperature control to control the flow of outdoor aiThe advanced RTU conterlused the outdoor

air temperatureas the trigger point to determine when trer-side economizecooling mode begins,
when the economizer imtegrated with mechanical cooling, amthen the mechanical cooling is allowed
to operate The supplyfan speed options we determined primarily by th&®TU operational mode
There wee three primary modes of operatiarventilation, heating and ooling. The fan speed in
ventilation mode was set at 40%, while the speed during cooling and heating was either 75% or 90%
depending on the numbeuf stages of operationTheDCVoptionin the advanced contrtdr used the
return-air CQ as the trigger point taletermine how to regulate the outdoeair damper and fan speed
controls to ensure that the maximum allowable Q€yels bighCQ set point = 1000 ppm) wasot
exceeded.

FIELD MEASUREMENTMETERING ANDMONITORING

Theadvancedcontroller was tested on 66 R/ on 8 different buildings and 8 different climate
locations.The same metering and monitoring plan was used on all Rd6lU1) verify the operations of
the advancedcontroller, 2)estimate the energy savings resulting from retrofitting the RTUs with the
advancedcontroller and3) estimate of simple payback periods.

A thermistortype temperature sensowas used to measure the outdo@ir temperature, the air
temperature in the return duct, the mixedir temperature right after the dampers, and the distge

air temperature downstream of theupply fan and theooling coil. The totaltrue power consumption

of the RTU waalsomeasured using a power transducefhe C@concentrationin the returnair duct
was monitored using €Q sensor. In addition b the temperature, power and G&ensor
measurements, a number of control signalere monitored(damper, cooling status, heating status, fan
speed, etc.).

The monitoring plan consistl of collection of data at each REU1-minute intervals aggregatinghe
data from all RTUs amsite,storing it locally on the roofind streaming the data in reéime to the
Cloud for analysisThe cellular network was used to upload data from each site to the Clouchse of
loss of communicatiobetween the site ad Cloud the logged data storelbcally at each site ltha
maximumstorage capacity to storketween4 and 8hoursof data(depending the number of units on
the roof).



Theadvanced RTdontroller hal ad & 2seriice switch to change the RTU control ldgitveen the
standard(conventional)control and the advanced energy saving control. During the standard control
operation, the supphfan speedvas always at 100% when the RTswaopeation; the airside
economizer wa not integratedvith mechanical coling and it wa controlled with a fixed drpulb
temperature; and thelemandcontrolledventilation was disabled. During the advanced energy saving
control operation, the supply fan runs at different speeds depending on the RTU operation modes such
as ventiation, 1t stage cooling and"@stage coling; the airside economizer waintegratedwith
mechanical cooling and it wacontrolled with a differential deppulb tempeature controls; and the
demandcontrolled ventilation was enabled.During the field ¢sts, the standard control and the
advanced control were alternatl daily. The standard control wéntended to emulate the RTU
operation before retrofitting the controller. Thus, the test days with the standard control operation
representthe preretrofit period while the days with thadvancedcontrol representthe postretrofit
period. The alternating RTU operations between the standard control anddb@&ncedcontrol

continued until sufficient test data covering different weather conditions were dalteavhich was
approximately 12 month&r most units

STE AND EQUIPMENTDESCRIPTION
A total of 66RTUs on 8 different buildings veemetered and monitored

1 The buildings we located in four states: Washington (WA), Ohio (OH), California (CA), and
Pennsyvania (PA). These locations fall into the following climate zones: Cleveland, OH (5A);
Oaks, PA (4A), Valencia, CA (3B), and all the sites in WA fall under Seattle (4C). Details on the
climate zone definition can be found in ASHRAE Standard 90.1 (ASHRBE 2

1 The building types cover mercantile (both retail and shopping malls), office, food sales, and
healthcare.

1 Of the 66 tested RTUs, Were packaged heat pumgsiP)and the restwere packaged air
conditioners(AC)with gas heang.

ENERGYSAVINGSESTIMATION METHODOLOGY

The energy savings estimation methodology used similar to that defined in ASHRAE Guideline 14

2002. The first step in the process invahdeveloping regression models based on the measured

energy consumptiomlata during the preetrofit period (i.e., when the standard controlere used) and

the postretrofit period (i.e., when the advanced RTU contmuise used) Regression modelsere used

to correlate the daily heating, cooling and total energy consumption with the average audioo

temperature. Theoretically, these regression models can have one to five parameters depending on
building type and the energgza S LI GGSNYy & ! FGSNI I 1ljdza O] €221 G &as
NEflGA2YyAKAL) 0S3G6SSy waitteraparatBe/ idwddE@unddatlhe thigeR 2 dzil R 2 2
parameter (3P) and the fivgparameter (5P) changeoint modelswere appropriatefor most RTUs

The change point is a threshold below (above) which mechanical cooling (heating) was not needed to
maintain thespace temperature in its deadbantihe 5P changeoint modelwas applied to the total

electricity for heat pumpd-or air conditioners with gas furnaceget3P changegoint model is applied

to cooling only, heating only, and the total electriaitynsunption.



The second stepstimated the energy consumption of the RTU using the-petofit model (standard
controls) under the postetrofit conditions (e.g.postretrofit outdoor-air conditions, etc.). Thactual
energy savingaere then computed as thdifferences between the estimated energy use and the
measured actual energy use over the postrofit period. In addition to the actual savings, normalized
annual savingw/ere also calculated using the typical meteorological year (TMY) weatherTdata.
calculatenormalized savings, the prand postretrofit modelswere used to estimate the preand post
retrofit energy consumption using TMY weather data. The difference between thamdepostretrofit
energy consumptioestimateswas the normalizegnnualenergy savings.

Because there can be errors in measuremégnensorspand also errors asstted with models, the
saving estimatewill have some uncertaintyASHRAE Guideline ietommendthe following three
primary sources of quantifiable uncentdly when estimatingsavings:

1 Sampling uncertainty generated from niedving a large enough sample to cover all possible
combination of units. Althougthe RTUs selected for retrofitgere by no means the random
sampleof the entirepopulation, the samje was large enough ghe sampling uncertaintyas
consideredo be zero.

1 Measurement errolassociated witlthe mis-calibration, range, and repeatability of tisensor
and installation effectdn the currentwork the sources of measurement erroxgre pimarily
from the electric power meter and the outdo@ir temperature sensor.

1 Modeling uncertainty generated from the prediction error of the regression mo&ssause
gas consumption was not measured, uncertainty associated with heating models was not
cdculated.

9 The fractional savings uncertainty, expressed as the ratio of the expected savings uncertainty to
the total savingswas estimated for both the actual savings and the normalized savings.

ADVANCEDCONTROLVALIDATION

Oneof the major objectives dhis studywas to validate the advance®TUcontroller functionsn the
field. In comparison with the preetrofit RTU operation, the advanced controller used in this field test
study hal three major energy efficiendgatures the supplyfan speed contrh DCV, anéhtegratedair-
side economizer control. Therefore, the validation process concemti@atethese three features.

When the advance®TUcontrolwas activated, the supply faram at different speeds depending on the
mode that theRTU operatd. Based on the control sequencéhe supplyfan speed normally varie
according to the following rules:

Rule 1. If an RTUan in the ventilation modesupplyfan speed wag0%.

Rule 2: If an RTUan in the economizing only mode and the outdemir temperaturewas less
than 38°F,supplyfan speed wa75% for the 1 stage cooling andupplyfan speedvas
90% for the 2 stage cooling.

Rule 3: If an RTUan in the economizing only mode and the outdemir temperaturewas greater
than 58°Fsupplyfan speedvas90%.

Vi



Rule 4: If an RTUan in the1® stage cooling and the outdo&ir temperaturewasin between 58
and 70°Fsupplyfan speed wa80%.

Rule 5: If an RTUan in the F'stage cooling and the outdoair temperaturewas greater than
70°F supplyfan speed wag5%.

Rule 6: If an RTUan in the 29 stagecooling and the outdoeair temperaturewas greater than
70°F supplyfan speed wa80%.

Rule 7: If an RTUan in the F'stage heating, supplfan speedvas 75%.
Rule 8: If an RTUan in the 29 stage heating, supplan speedvas 90%.

Database queriesepresenting eaclof the eight rules described above were used orRdll$to provide
statistics on the number of records violating thepplyfan speed rule corresponding to that RTU
operating condition. Overall, based on the analysis of the monitored d#te,supplyfan speed control
workedcorrectly acording to the control sequence. There were a few instances whemata points
got éstuclke for a period of time.Based on the feedback from the controller manufacturer, the stuck
points primarily occued in the transér from theinput/output of the controller tomonitoring platform
The stuck point issue was related to data collection and not equipment operatiban a point was
Gstuckk ¢ Al ISYSNIftfe NBO2PSNBR |jdza Ot @

With demandcontrolled ventilation, the outdoogir damperwas modulatecbased on the measured
CQ concentration in the returrair stream.DCV operationvas validated using the same approach as
that for the supplyfan control. Database queriegere used togeneratestatistics on the number of
records br two situations: C@concentration less than,@00 ppm; and C{roncentration greater than
1,000 ppm. The rules for the above two situatiomare asfollows:

Rule 9: If the measured C{xoncentrationwas less than 1,000 ppm and the uwias not running
in the economizer modethen the percentage of outdoor air shoubé at the minimum

Rule 10: If the measuredCQ concentrationwas greater than ;D00 ppm and the uniivas not
running in the economizer mogéhen the percentage of outdoor air should lie between
the minimum and the maximum outdoor air

Like supplyfan speed controlghe DCV control in thadvancedRTUcontroller worked correctly
acording to the control sequence.

When the space temperatun@as above the cooling set point, coolings needed.The cooling eeds
could be met by outdoor air alone (economizing), combination of outdoor air and mechanical cooling
(integrated economizing) or mechanical cooling. Tlaeeea number of rules that govern the
economizer controlsThemeasuredoutdoor-, return, mixed and dischargair temperatures, and the
outdoor-air damperand coolingsignas were used together to validate the economizer operation. In
addition to the outdoorair damper signal, the outdoeair fraction(OAF) wasomputed from the
measuredemperatures and compared to its expect€@AF value.

Economizer control wavalidated using the same approach as the sufgiycontrol and DCV. Database
guerieswere used togeneratestatistics on the number of records for three situations: the outdair
damperdid not fully open when it should; the outdoeir damper opeed more than the minimum
positior; andthe systemeconomizdwhen therewas no call for cooling. The rules for the above three
situationswere formulated as below:

Vil



Rule 11: If the advanced controller eeived a coolingcalland the outdoorair conditionwas
favorable for economizing, the dampeust be ina fully openposition(or to maintain a
fixed dischargair temperature)

Rule 12: If the advanced controller receide call for cooling and the outdoor conidib was not
favorable for economizing, the dampetust be athe minmum position to meet
ventilation needs

Rule 13: If the advanced controllerid not receive coolingall, the dampemust be atthe
minimum positionto satisfy ventilation needs

Although there wee a few exceptionshie query results shogd that a majority of RTUs kavery low
percentages of data recordlat violated the above three rules on economizer contréh addition to

the three economizer rules, there could be other potential faults ttatnot be detected with simple

rules. To identify those faults, a diagnostics tool (AirDx) was used. thisimgasuredemperatures

and RTU operation schedules, AirDx can identify certain faults that potentially reduce energy savings or
cause ventilatn probems. @\F is the fraction of actual outdobrA NJ @2 f dzy S NXB folalii A &S
supply air volumeFor all RTUs, the desired OABasveen5% and 100%, corresponding to the

minimum and the maximum damper positiorespectively. Thus, with thaid of AirDx, the relative
effectiveness of the economizerasdetermined by comparing the desired OAF and the OAF calculated
from the temperature measurements

First, the diagnostic tool was used to chedkether overventilationwasa potential problen. Some

sites consistently had higher OAF than expected. This was not a control problem, but was most likely
caused by damper leakage, nbnear relationship of damper position to the OAF and sensor
measurement accuracy or biaseSverventilation occured when the outdoorair damper opeed

wider when itwas commanded to the minimum positiar when OAF exceed the expected minimum
OAF even when the outdoeir damper was at the minimum positioBecause the OAkas calculated
from the measuredreturn- , outdoor, and mixeeair temperatures, anynaccuracies or biases in
temperature sens@made the calculated OAF unreliabl&mall biases (less thaPRwere difficult to
detect. Therefore, the reported oveventilation may be caused by either reardper problems
(leakage)pr temperature sensor faults. The AirDx tool identified that five RTdaasitehad faults
associated with the mixedir temperature sensorHowever, the temperature sensors were checked
before installation, so the problem manpt be associated with sensing elemshbut the location of the
sensors. Accurate measurement of mibadtemperature is difficult in RTUs because of stratification of
air. Some units lthmore stratification than others either because of the designiter construction
(position of returnair ducts).

Second, the diagnostic tool was used to check if@#d- was approximately 100% when the outdair
damper was fully open. Most sites (with exception of two) had issues bringing in 100% outdoor air even
when the damper was fully open. Again, this was not a control problem, but was most likely caused by
damper leakage, nalinear relationship of damper position to the OAF and inaccuracies or biases in
temperature sensorsThisconditioncan be caused byeseral reasons including the damper actuator

faults, the damper leakage, and the sensor falB@sed on these findingsiaintenance work was

performed onsomeRT$ at one siteto seal returnair leakage.The sealing led to the OAF being closer

to 100% wien the outdoorair damper was fully open.
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SUMMARY OFENERGYSAVINGSANALYSIS

Actualenergy savingand normalizecdainnualenergy savingand uncertainties associated with energy
savings wee calculated foeachRTU

9 The actual RTU electricity savimgagel between 22% and 91%, with an average of 56%. The
fractional uncertainty for actual RTU electricity savings rdrm#ween 2% and 77%, with an
average of 25%.

1 The percentage of actual fan energy savings rdgween 26% and 94%, with an averade o
74%.

1 Many RTUs hliinegative heating and cooling energy savings, although the advanced controller
was not expected to increase heating energy and cooling energy. The problem of negative
heating and cooling energy savingas most likely caused by the llmlving three reasons. First,
the magnitude of heating and cooling savingss small. In extremely hot or cold climates, use
of DCV will produce heating and cooling savenysintegrated economizer would also produce
additional cooling savings, albeit sline8Becausanost of the demonstration sitesere not in
extreme climates,he heating and cooling savingsmemodest. Second, heating energgs
not measured forir conditioningunits with natural gas heating. Instead, the nominal furnace
capacitywas used together with the control signals to calculate heating energy consumption.
Thus, any misinterpretations of the control signals (i.e., static data and mode transition period)
decreaséd the reliability of the source data for regression model developmehird, for some
units, the number of data points for RTU heating or coolitag not sufficient to develop robust
regression models, causing high uncertainty associated with the heating or cooling energy
savings.

The percentage actual savings and the utaiaty range at 95% confidence for all RTUs are shown in
Figure ES1. This figure shows the following general trend: the higher the percentage of electricity
savings the smaller the uncertainty and thereby the shorter theagrbar. Units with higher percentage

of savings usually have most of their time running only the fan (either ventilation mode or economizing
mode) when they are on. Because there s\iittle variation in fan energy vs. outdeair temperdure,

the modelinguncertainty wa low for those units.

The percentage of normalized annual energy savings and the normalized savings uncertainty for all RTUs
is similar to that of actual savingSome findings specific to normalized savings are listed as follows:

1 Most units had normalized savings uncertainty lower than the actual savings uncertainty. This is
because the postetrofit period had more data points when calculating the normalized savings
uncertainty.

1 The percentage of normalized annual RTU electricity sawiags the range betweer22% and
90%, with an average of%. The fractional uncertainty for normalized RTU electricity savings
ranged between1% and51%, with an average o2%.

1 A fewunits hal unreasonable results for either fan or cooling energy saiRgssible causes
include the following. First, the baseline cooling enewmgg small so dividing a small number
may cause high percentage values. Second, the normalized fan emasgalculated from the
regression models for total RTU electricity, hiegtand cooling. Because the focus of this work
was total RTU electricity savings, these RWd® not excluded from our analysisven though
they hadunreasonable percentageluesof fan or cooling savings.



The percentage of normalized annual savingd ancertaintiegat 95% confidence intervgior each
RTU, as shown ligure ES2. Across all RTUs, the minimum normalized electricity savings at 95%
confidence was between 12% and 89%. In comparison with actual saviggee(ES1), the error bars
are much shorter for most units because of the smaller normalized savings uncertainty.
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Figure ES3 shows he frequency distributiof actual and nanalized RT@lectricity savingsThe

majority are in the range betweed0%and 90%. Because the electricity savings mostly came from fan
energy reduction, the units with lower savings usually had longer compressor runtimes, vehileith

with higher saings hadshorter compressor runtimes.
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Figure ES3: Frequency distribution of actual and normalized RTU electricity savings

In addition to the percentage of RTU electricity savinggew ofthe absolute savingand absdute

savings normalized by variables that had significant impact on the savings was also conducted. The
variables that had significant effect on the savings included: building type (static pressure and occupancy
variations), climate location, unit runtim{gotal runtime and compressor runtime versaspply fan

runtime) and the unit size (supply fan motor).

The summary of the absolute actual savings includes:
1 As expected, actuaah energy savings rda a dominant contribution to the total RTU electricity
savings.

1 Actual RTU electricity savinggsin the range between 0.36Wh/h and 7.68 kW (kWhper
unit run hour), with an average of 21 kWhh, while the fan only electricity savings range
between 0.32 kWh/h to 6.64 kWh/h with an average of 1.95 kWh/h

9 Actual RTU electricity savingmsin the range betweerd97 Wh/h/hp and1,300Wh/h/hp (Wh
per unit run hour and per unit fan Rvith an average of09Wh/h/hp, while the fan only
electricity savings range between 194 Wh/h/hp and 702 Wh/h/hp with anageof 556
Wh/h/hp.

The summary of the absolute normalized annual savings includes:

1 The RTU runtimeas based on the operation schedwerived from the monitored data

1 AnnualTMY weathenormalized savingwasin the range between 04kWh/h and 7.2 kWhh,
with an average of 28kWHhh, while the fan only electricity savings range between 0.36 kWh/h
to 7.37 kWh/h with an average of 2.18 kWh/h
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1 Annual TMY weather normalized RTU electricity savings was in the range b&h&afn/h/hp
and1,086Wh/h/hp with an average dd95Wh/h/hp, while the fan only electricity savings range
between 201 Wh/h/hp to 929 Wh/h/hp with an average of 595 Wh/h/hp

Both the actual and normalized annual savings shosigaificant variation of the electricity savings per
hour, but it generally increasgwith the size of the unit. The variatiofa any given sizef unit were

likely caused by particular building and unit characteristics such as building type, climate conditions, and
the supplyfan static pressure. The tremgas consistent with bothair conditioners AC3 and heat

pumps HP3.

Figure ES 4 shows the variation ofiormalizedRTU electricity savinggpunit run hour and per supply
fan motor hp as a function of RTU size. Although theesome scattefust like the similar actual
savings plot, there wanoobvioustrend with the size of the unit. It appears that normalizing savings
with the unitrun hours andhe fan motor sizecorrelates well witithe annualsavingsacross the eight
sites. Mbst units had sangs between 500 Wh/h/hp andd® Wh/h/hp, with an average savings across
all sites being 708vh/h/hp.
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Figure ES4: Variation of average normalized RTU electricity savings per unit run hour and per fan motor
hp with RTUige

The results presented in this sectidamonstrateretrofitting an RTU with aadvanced controllecan
lead to significant RTU energy savings.

ECONOMICANALYSIS

The simplepaybackanalysishelps building owners understand the financial impactRfU catroller
retrofits and justifytheir investment Table ES1 breaks down the cosssociated witlthe advanced
controllerretrofit by metering and monitoringpr a single RTU at varyiogpacities andorresponding
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supplyfan gzes. While the metering costs are fixed upfront, the monitoring is broken down into fixed
and variable cost ($/month for internet subscription and hosting fe@$le metering and monitoring
costs are not essential to the retrofit but allow for monitoriofthe persistence of the RTU operations.

Table ES1: RTU advanced controller costs broken down by metering and monitoring

Supply
Fan Fixed Variable
RTU Capacity Size | Controller| Controller Labor | Metering | Metering | Monitoring | Monitoring
(tons) (hp) (%) (%) ($) Labor ($) (%) ($/Month)
Xp 1 2,200 750 1,071 375 2,403 50
b p Yy 2 2,600 750 1,071 375 2,403 50
B mn | 3 3,500 750 1,071 375 2,403 50
b wmp | 5 4,000 750 1,071 375 2,403 50
B wvn | 7.5 4,142 750 1,071 375 2,403 50

1 Controller cosvariedbecause the size of the variable frequency drvEL) depenckd on the
sizeof the supply fan motor, which vgancluded in the controller cost.

1 Labor rate assumed to be $125/h. This may vary based on meokeitions.

1 Metering include atotal RTU power measurement device, a mbeadsensor and cost to install
the two sensors

1 Fixedmonitoring costincludeda monitoringunit, cellular modem, radio, and wireless client
transmitter. This cost wa for one RTlUandeach additional RTU monitored at a site wittrease
the costof fixed monitoring byan additional $150

9 Variable monitoring includtweb hosting and internet access.

Based on the costs outlined Trable ES1, a simple pgbackperiodwascalculated for the advanced
controller, based ohe projectednormalizedannualenergy savings. Thredility rateswere used: 05
$/kWh, 0.10 $/kWhand0.15%/kWh. Across all units, thannual averageast savingsvere $744,
$1,489 andb2,233for the three considereditility rates, with a correspondingverageinstalled cost of
$4,172resulting in averagpaybackperiodof 6, 3,and2 years, respectivelyThis paybackeriodwas
only for the controller and labor to install the contrel It dd notinclude any of the meteringnd
monitoring packages.

For individual units,ite simple paybacpgeriodvaried from 9 months to D years at a utility rate of
$0.15/kWh. This variation in paybap&riodwas largely dependnt on RTU size and BTuntime. The
units with the shortest payback periadere either large units (e.g., greater than 15 tons) od tize
largest annual runtime (operating hours per year).

Figure ES5 shows the frequency of units at varying pagk periods and capacity ranges for (a) all
capacities at aG10/kWh utility rate; (b) all capacities at 8.$5/kWh utility rate; (cYwo capacity
ranges at a $.10/kWh utility rate; and (djwo capacity ranges at a08L5/kWh utility rate. Figure ES5
shows that as the utility rate increasedhe frequency of units with less than 3 years of paylzariod
also increasedwith the majority of the units less than 3 years of payhbaetod having capacities
greater than20tons.
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Figure ES5: Histogram charts showing the frequency of units at varying payback periods for (a) all
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SUMMARY, DISCUSSION ANFRECOMMENDATIONS

A totalof 66 RTUs on 8 different buildings were retrofitted withommercialy availableadvanced
controller for improving RTU operatiohefficiency. Of the 66 tested RTUs, Wére packaged heat
pumps and the resivere packaged air conditioners with gas heat. €ight buildings covered four
building types, including mercantile (both retail and shopping malls), office, food sales, dtitcaea
These buildings were located in fadifferent climate zones including warm and coastal climate, mixed
and humid climate, mixed and marine climate, and cool and humid clinféie measured actual
savings, the normalized annual energy savings th@davings uncertaintiesere calculated using the
methods described in the ASHRAE GuidelinéVigdor findings from this work are highlighted below:

1 The advanced controller redud®oth actualconsumptionand normalizecdonsumptionby
between22%and90%, with an average of 55% for all RTUs.

1 On average,he fractionalsavinguncertaintywas 25% for actual savings and 12% for
normalized savings.

1 Fan energy savings m&adominant contribution to the total RTU electricity savingsile the
heating aml cooling energgavingsvaried with units andwere relatively smaller in comparison
with fan energy savings. In general, fan energy savindsreh less uncertainty than heating
and cooling energy savings.
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1 At the building leve(total of all monitoredRTU electricity consumptionthe percentage of RTU
electricity savingsvasin the range between % and 73% for both actual and normalized
savings. The absolute electricity savingse in the range between 1.4 and 3.9 kWh peur of
unit operation

1 As «pected, oth actual and normalized savings incredggth the RTU size. The electricity
savings increaskfrom about 1.0 kW for the group with RTU cooling capacity less than 10
tons, to 1.8 kW for the group with RTU capacity between 10 and 15 tansl, then to 4.2
kWHh for the group with RTU capacity greater than 15 tons.

1 On average, packaged air conditioners with gas heat (AC units) achieved more electricity savings
than heat pumps (HP units). Rooth actualand normalizedavings, the AC groupwvsad 2.60
kwWhh per running hour, while the HP group saved 1.75 KWIThis was becausthe average
size of HPs was smaller than the average size of the ACs.

9 The variation of annual normalized RTU electricity savings were between 400 and 700 Wh/h/hp
with average savings approximately 515 Wh/h/hp across all eight sites.

Based on the normalized annwaeéctricitysavings and the installed cost of the advanced controller, the
simple paybackeriodwas calculated for three electricity rates including 0.05/8f 0.10 $/kWh, and
0.15 $/kWh.Note that the gas energy savings were not considered in estimating the pagbacks
because gas consumption was not directly measuiddjor findings from the economic analysis
included the following:

1 Forall RTUs, theverage paybacieriodis 6, 3, and 2 years, respectively for the three utility
rates. These paybacks accoedfor the controller cost and labor to install the contiey, but
did not includethe metering and monitoring packages. The simple paybpaciodfor individual
units varial from 9 months to10 years for the electricity rate of 0.15 $/kWh. The units with the
shortest payback periodiere either large units (e.g., greater than 15 tons) od ttee longest
runtime (e.g., 24/7 operations).

9 Forall eightbuilding sites, the simple paybapkriodfrom the advanced controller installation
ranged betweenlto 5years for the utility rate of 0.15 $/kWh, betwedAzyears andb2years
for the utility rate of 0.10 $/kWh, and between 3 years d®years for theutility rate of 0.05
$/KWh.

When applying the project findings to a specific project, some factors not sufficiently considered in this
work may affect the energy savings or the simple paylpeclod. The followingtemsneed to be taken
into account for RU controller retrofits:

1 Equipment maintenance and reparation should be an integrated part of the RTU controller
retrofit. If some parts of the RTU do not function properly, the potential of energy savings
cannot be fully realized.

9 Becausssignificant denand reductions wee not expected from advanced RTU controller
retrofit, demand reduction and demand cost savings were not considered in the work. For many
commercial buildings with demand cdstbig portion of the energy bi)lsdemand reduction
could have significant impact on the simple paybauekiod. This may be a more salient feature
for those advanced controllers capable of modulating the compressor speed.
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1 The simple paybagberiod could be significantly reduced if utility incentives are availabld a
considered in the economic analysis. In this respect, utility incentives are important to expand
the market acceptance of the RTU advanced controller.

1 Cost savings on natural gas were not considered in this work for simple papdyamk
calculation. Th gas cost savings are expected to become important in cold climates and
buildings with high fluctuation of occupancy profiles.
.F&aSR 2y G(KS LINR2SOG G(SIFYyQa SELISNASYyOSs GKS F2ffz2
improvement of the control algorithm

1 The advanced controlletemonstrated in the field changetie supplyfan control from
constant speed tonulti-speed with use of ¥ FD. More savings could be achieved if the supply
fan speedvas modulatedcontinuously

9 The curent control sequence impmentedtwo-stage economizing when the outdeair
temperaturewas 58°F and below. The supply fan at 75% and 90% of its full speed for the
two stages of economizing. Although the inteves to reduce fan energy by running thepgly
fan at low speedsa tradeoff exised between the fan running time and the fan running speed.
Efforts are needed to compare the current approach with other alternative approaches such as
running the supply fan at its full speed for economizing.

1 When the outdoorair temperaure was above 70°BAnd there is a call for coolinthe current
control sequence implemert two stages of DXdirect expansiongooling if the RTU lila
staged capacity controls. The supply fan at 75% and 90% of its full speed for the two stages.
To sae more fan energy, it might be worthwhile to maintain the fan speed at 75% for'the 2
stage cooling. Once the advantage of running the supply fan at low spaederified, similar
changes ould be made for the DX cooling stage when the outdabrtempeiature was
between 58°F and 70dnd there wa a call for cooling

1 When the outdoorair temperaturewas between 58°F and 70°F, the current control sequence
required that the 2" stage of DX cooling be initiatedtfife dischargeair temperature wa above
58°F after running the sistage of DX cooling for 10 minutels this respect, the current control
sequence could be improved in several possible aspects: 1) consider using a time delay longer
than 10 minutes; 2) consider raising the dischaafreemperaure threshold value; 3) if the
advanced controller has access to the space temperature, use the space temperature deviation
from the cooling set point instead of the dischasgie temperature as the criterion to inite
the 29 stage of DX cooling; a) swap internally the Iand 2 stages of DX cooling and
determine if the 29 stage is able to satisfy the internal requirements (dischdegeperature
and space set points).

1 The dischargair temperature sensowas used as a safety device to increasedpeeds when
the dischargeair temperaturewastoo high (discharge > 150°F) or too low (discharge < 48°F). If
the dischargeair temperature sensais reliable it can be used tanodulate thefan speed Fan
speeds could be based upon the target dischamfepoint (leaving air temperatujafter the
fan.

1 The controller hd heat pump lockouts thatetermine when compression heat walisabled
(only electric heating is allowed) and when electric heat is disabled (only compression heat is
allowed). Suggésd improvements include lowering the electric strip lockout maximum value
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(it is still adjustable, but limit the maximum value to not exceed 42fi#g{imit the minimum

night set back temperature value that the space(s) can be allowed to float dowrhmidea is

that the tradeoff for energy efficiency and savings is quickly lost when the RTU is a heat pump
configuration with ekctric auxiliary heating. Th&\kdemand costs from having to activate
electric heating wipes out a significant portion of tk&h savings from extended night set back
hours. This results in many ownesgiting their schedules to longer occupied periods. The
solution is to have aggressive set back schedules (shorter occupancy periods), but limit the night
set back temperature Jaes (65°F would be the minimum setting that would be allowed). This
means that nighttime actions might show the RTU activaltieigveen one and fivéimes to

maintain the minimum setting, but the recovery period would be much shorter and hopefully
resultsin a shortlived use of the 2 stage auxiliary electric strip heater.

The advanced controller can be enhanced by adding more capabilities, such as optimal start and
stop, demand response strategies, and automatic fault diagnostics.

Based on the analysid the over 60 units in 4 different building tgp and 4 climate locations, it wa

clear that the buildig type, unit runtime and suppfian motor size wee significant contributors to the
energy savings potential. Although savings associated with DIDéwigh in extreme climate

locations, most of the climate locations in the study were not extreme. Consider retrofitting an existing
RTU with advanced controller under the following conditions, which will yielglesaBpaybaclperiod

(Table ES2):

Table ES2: Recommendations on when to consider advancedd@mtdol retrofits that yield 3/ear

payback
RTUSize AverageRunHours per Day Utilities Rates and Incentives

> 20 tons > 14 At any utility rates and with no incentive
> 20 tors 12to 14 $0.10/kWh with no incentive
> 20 tons <10 $0.10/kWhwith moderate (25%) incentive
15 to 18 tons > 14 $0.12/kWhwith no incentive
15 to 18 tons <10 $0.10/kWh with high (50%) incentive
75t0125tons | > 14 $0.15/kWh with no incentive
7.5t012.5tons | <10 $0.15/kWh with high (50%) incentive
> 7.5 tons > 14 $0.10/kWh with high (50%) incentive
> 7.5 tons >14 $0.12/kWh with moderate (25%) incentive
> 7.5 tons <10 $0.15/kWh with high (50%) incentive

The above rulesf-thumb can be used for screening purposes, but a more thorough analysis based on
site-specifc conditions may be necessary. For units that are 5 tons and snwveltlieh typically use a
singlephase fan motors, this technology is notigwito be coseffective; however, there arether

options for those singkphase units that are cosffective. Those options were not considered in this
study.
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1 INTRODUCTION

Packagedooftop units (RTUs) anesed in 4% @.1million) of all commercial buildingserving ove60%
(39 billion square fee} of the commercial building floor space in the U.S. (EI®)20Dhe site cooling
energy consumption associated wigTUss about 160 trillion Btus annually. Packaged heat pumps
account for an additinal 70 trillion Btus annually. Theoeé, even a small improvement in pddad
operation of these units can lead to significant reductions of energy use and carbon emissions.

Efforts to increase the energy efficiency in commercial buildings have focused mainly on improving the
efficiency ofheating, ventilation and air conditioning (HVAC) equipment at rated (or design) conditions.
In addition, focusing on improving the rated efficiency may not yield significant energy sheomse
systems tend to operate at atfesign or pardoad conditons for most of their lives. In contrast,
approaches that address the improvement in the gadd performance can lead to significant increases
in the operating efficiency of equipment and buildings. More importantly, measures that address the
operational efficiency apply to both existing and new buildings.

Buildingcodes requirethat when a building is occupiedhe supply fan ompackagedinits operates
continuously to meet the ventilation needggardlesof whether the unit is providing cooliray
heating. A significant portion of theackagedinitsin the field(over 90%haveconstant speed supply
fans. Because the fan is on continuoudlye fan energy consumption can be greater than the
compressor energy consumptidm many locations in the 8.This implies that there exists a big
potential to achieve energy savings from fan speed control.

Packaged edgpment with constantspeed supply fans is designed to provide ventilation at the design

rate at all times when the fan is operating. Altlgh there are a number of hours during the day when a
building may not be fully occupied or the need for ventilation is lower than designed, the ventilation

rate cannot beadjusted easily with a constaspeed fan. Studies have shown that demdraded

ventilation control can save significant energy in climates that are not favorable for econowmiZiage

a significant heating loa@Brandemuehl and Braun 1999; Roth et al. 2003). Traditional demand
controlled ventilation (DCV) strategies modulate thedmdr-air damper to reduce the rate at which

outdoor air enters and the associated energy needed to condition that air. This strategy reduces cooling
energy, but the supply fan still runs at full speed.

Supplyfan energy savings can be achieved by modudgthe supplyfan speed during the ventilation
modeand potentidly during mechanical heating/cooling, if the unit has multiple stages of
heating/cooling When the unit is in ventilation mode, the role of the supply fan is to provide fresh air to
maintainproper indoor air quality in the spaces that it is serving. Therefore, modulating the supply fan
in conjunction with DCV will not only reduce theating/coolingenergy but also reduce the fan energy.
The total savings (fan and coil) will depend on mhar of factors including control strategy, thermostat
set point and characteristics (throttling range and deadband), oversizing of the packaged unit, the
efficiency of the packaged unit, and the thermal load profiles.

The objective of this mulyear esearch and development project was to determine the magnitude of

energy savings achievable by retrofitting existing packaged rooftop air conditioners with advanced

control strategies not ordinarily used for packagedftop units. In FY11, the U.S. Dejpaent of

9y SNH&Qa o6'{ 5h9Qav .dZAfRAY3I ¢SOKy2f23ASa hTFAOS
Laboratory (PNNL) to estimate the potential energy and the associated cost savings from widespread
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use of advanced control strategies with packageaftop units. For that study, the savings were
estimated based on detailed EnergyPlus (DOE 2010) simulation. Although it is possible to simulate
buildings with various combinations of the influencing parameters, the size of simulation runs will
becomelarge and unmanageable. Therefore, for this study, only a selected combination of influencing
parameterswas used to estimate the savings from use of advanced control strategies:afiae
parameters include building type (4), building location (16ncvarious control strategies (22). élh
FY1i1study was limited to air conditioners with gas furnaces (Wang et al. 20HE results from

detailed simulation analysis shedsignificant energy (24%85%) and costavings (38%) from fan,

cooling and heatig energy onsumption when packaged units veeretrofitted with advanced control
packagesln FY12, the simulation analysis was extended to packaged heat pumps but the analysis was
limited to 2 building types, 11 ohate locations and 8ombinatiors of cortrol strategies (Wang et al.

2012). The simulation analysis shovikdt combining multispeed fan control and DCV lead to

between 35% and7% savings across all lbtations for the retail building andetween20%and57%
savings for the office building\dding arintegrated economizer on top of other controls hasich
smallermarginalimpact on energy and costvings. For example, in comparison with the combination

of multi-speed fan control an®CV, the combination of all three control strategiesl ha additional 0%

to 6.6% savingslepending on the building type and location.

Because the simulation analysis showed a significant savings potential from advanced RTU controls
retrofits, DOE and Bonneville Power Administration (BPA) detidind an ext@sive evaluation of a
retrofit advanced RTU controller in the field. PNidhducteda preliminary study ofour advanced RTU
controllers(Criscione 2011)1) Catalyst, 2) Enerfit ang) DigiRTU OptimizesThe first three products
were commercially avaible, but the fourth one was stillunder developmentvhen the field test began

in 2012

The products from all vendors includadew variablefrequency drive (VFD), new controller and the
required infrastructure to support them (sensors, etddll vendrs retrofit the supply fan with a VFD
that vaiied their speed based upon the RTU mode (heating mode, cooling mode or ventibatipn
mode).

9 Catalyst uses discrete (fixed) speeds that vary the stipplgpeed command value based on
the mode of operatiorof the RTU (for example, 75% speed féstage cooling90% speed for
2"d stage coolingr heating,and 40% speed when neither cooling or heating).

9 The other vendors vary their indoor fan speeds continuously and do not focus on a fixed
reduced speed.

1 The DigRTU Optimizer retrofiappliesVFDdriven capability for the compressor(s). The other
vendors do not attempt to provide VFiiven capability for the compressor(s).

9 Enerfit includes an option to install an automatic isolation damper on RTUssplitface coils
(upper and lower coils) to isolate diow to the coil that is active as tHE! stage (usually the
upper coil), resulting in further faspeed reductions. RTUs multi-staging can be designed for
three types of coil design. Thiscindes splifface coil (one coil, with 50% capacity across 50% of
the duct crosssectional area), intertwined full face coil (one coil with 50% capacity attress
entire duct crosssectional areg)and split row coil (two coils in series). For constanitime
applications, the most common design is the sfaie coil, which usually also provides the best
dehumidification performance.



All of the vendors provide advanced-aide economizer controls and demaandntrolledventilation
(DCV) capabilities. &lairside economizer is integrated with mechanical cooling and economizer
activation is based upon differentidty-bulb temperature or differential enthalpy.

1 When itis favorable to cdavith outdoor air, the outdooiair damper will be opened beyondeh
minimum ventilation setting.

1 When it is not favorable to cool with outdoor air, the outdeair damper will be held at its
minimum ventilation setting.

1 The minimum ventilation setting madye calculatedaccording to theequired ventilation per
floor area(ASHRAE 2010a)

1 When the RTU fan is not running (unoccupied mode), the outddradamper is held closed, but
may open during night time cooling or during the morning edmlvn cycle, when it is favorable
to do so.

All of these vendors provide DCV capitibB. The return air stream or space is monitored with a CO
sensor. As the G@oncentration in the return air stream increageeyond maximum allowed
thresholds, the controllers will initiate different control strategies, all with the same goaduce the
CQ levels in the space or as measured in the return air stream.

1 In some cases, the outdoair damper percent open command will be increased to mitigate
high CQlevels.

1 In some cases, the indodan speed will be increasad mitigate high Celevels.

1 In some cases, both actions will be performed, either in unison or in a sequenced arrangement.
Usually, other limits related to comfort and equipment safety may limit the extent to which the
DCV controls can open the outdeair damper in an attempiio minimize high CgQevels.

1 Enerfit is aligned with solutions to further reduce outdesir ventilation requirements by using
Dt { o6Df2o6kf tflayYl {2fdziA2yavsy gKAOK (KSe& Ofl A
contaminants, etc.).

All of these vendrs provide retrofits that install at least one nexariablefrequencydrive (VFD), one
new digital controller, one new damper actuator (or modified damper actuator that interfaces to the
new controller), multiple sensors (dischargie temperature, returrair temperature, outdoosair
temperature, mixeehir temperature, space temperature, return air or space,@0wer, etc.) and some
provide the ability to access the RTU (or network of RTUS) via a web interface

Additional features of Enerfit include:

' Ererfit provides two versions of control retrofi@ £t f SR d¢+mMé | YR da+xHED
1 Vloperates in conjunction witlkexisting HVAC unit controls.

1 It monitors heating and cooling calls from the unit controller and integrates them into the
proprietary Enerfit control logi.

1 Vloperates on opesprotocol BACnet and can allameto view any number of control points
and unit information on &ridiumJaceor similar frontend device with BACnet capabilities.



1 V2is a completairect digital control system.

1 V2can operate as gand-alonecontroller foraunit or as operprotocol BACnet HVAC unit
controller.

Additional details of the DigRTU optimizeinclude

1 The DigiRTU controllecan be configured for operation using a conventional programmable
thermostat or integrated intan existing building automation syste(BAS).

9 To power the compressor and indoor fan with the ERJiU (VFD), a selected rooftop unit must
first be rewired. The DigiRTU must be configured to receive power from the @nitain power

supply.

9 Start/stop sgnals from the rooftop unit are sent to the DRRTU as inputsvhich are then sent
by the DigiRTU to individual componentia(, compressor, etc.) as outputs.

1 Implementation requires the installation of a B€sch thermostat utilizing the Modbus RTU
communication protocol.

1 Additional communication cabling between the ERJiU and the BeBech thermostat is also
necessary (most likely for the Modbus communications).

1 The DigWSHP functions similarly to the DRjTU and achieves the same energy savingtsesul
but is designed for integration with water source heat pumps.

Additional details of the Catalyst controller:

9 Catalyst controllers can be configured for two versions of control retrofits.

9 The first configuration perates in conjunction with existirthermostator BASontrols. It
monitors heating and cooling signals that originftem the existing thermostat or the existing
BASontroller. Thecontrollertakes the thermostat signalsr the BA&ommands and adds
intelligence by using proprietary logichigh enables the HVAC unit to make betteridems
regarding its operation (fan speed, economizer operations, etc.).

9 The second configuratias a complete direct digital control systemhich does not rely on a
thermostat or existing BAS system.

9 Catalysts designed to work with a VFD that communicates via ModBus RTU communications
protocol to the Catalyst controller.

1 Catalystontrollers can operate asstand-alone unit orbe wirelessly networked together using
the ¢IQ energyintelligenceplatform. The®lQ platform can then be integrated with an existing
BASor a total facility solution.This is generally performed usingdium-Jaceas the fronend.

All of these vendor retrofits come with new instrumentation to support the new control sequence
strateges. Along with the additional instrumentation, most of these vendors claim to have some level
of fault detection diagnostics (FDD).

After a detailed review of features of all available products and the maturity of products, PNNL chose to
evaluate the Calyst product in the field. The demonstrations were first started with funding from DOE



and then expanded with funding from Bonneville Power Administration. So, the rest of the report
documensthe results of field evaluation of the Catalyst controtbera number of RTUs.

The advanced RTU controls implemented by the Catalyst controller are summarized in Settien 2.
metering and monitoring plan deployed to assess and characterizadi@nced RTU contrais the

field are discussed igection3. Setion 4 provides the details of the sites and the RTUs in those sites.
Section Hrovides the details of the methodology used in determining the energy savings from
advanced RTU controls retrofitalidationof the advanced controls featurgismicluding he economizer
operations and thepproacheaised inthe validation process described in Section 6n Section 7the
energy savings results from the advanced RTU control retrofits are presented. Seutistid@s details
on labor, metering and moniting costs associated with thevancedRTU controlleand the economic
analysis including simple paybguriod from the retrofits Discussions, recommendations and future
work are discussed in Section 9.



2 ADVANCEDROOFTOPUNIT CONTROLLERDESCRIPTION

Packaged RT4hre factorymade, seHcontained units comprising a number of -tifie-shelf components
available in standard design and cooling capacities. Typically, a packaged RTU consists of a fan and filter
section, a mechanical cooling section, and atingasection.

In the fan and filter section, outdoor air is drawn into the RTU through an outdin@amper section

and is mixed with the air returned from the space through a retaimdamper section. These two

damper sections are commonly referreditod G KS aSO02y2YAT SNE aSOlGAz2y 27T
has lower heat content than the return air and the space thermostat is calling for cooling, more outdoor

air may be drawn into the RTU through the outd@ar damper section and less return air mag drawn

back through the returrair damper section. The mixed air then passes through filters to protect

downstream components from dirt accumulation. As the outdaordamper section opensider, this

may cause the building space to become more paditipressurized. A relief fan may also be used to

exhaust some return air to the outdoors through a separate damper, to keep the building space from

becoming too positively pressurized.

When the outdoor air cannot provide enough cooling, mechanical mgpdi used to supplement the
cooling needs. The mechanical cooling section provides cooling through a vapor compression cycle,
which consists of a compressor (usually reciprocating or scroll), @o@ied condenser, a direct
expansion (DX) evaporator éa thermal expansion valve.

Packaged equipment is divided into three categories depending on the cooling capacity: residential with
cooling capacities less than 65,000 Btu/h, light commercial with cooling capacities up t0135,000 Btu/h,
and commercial wih cooling capacities of 135,000 Btu/h or greater (ASHRAE 2008). For light
commercial and commercial units, the cooling efficiency is normally measured in terms of the energy
efficiency ratio (EER) and integrated energy efficiency ratio (IEER) at staatgardonditions.

Although highkefficiency equipment contributes to saving energy, it is not always possible to improve
the efficiency of packaged RTUs because of technical and economic constraints. This is especially true
for existing building retrofitsvhen the replacement of RTUs is not a viable consideration. On the other
hand, as described in the previous section, a number of technologies are commercially available to
improve the operational efficiency of existing packaged RTUs. These technolaiagga set of

advanced control options that include integrated economizer controls, stipplgpeed controls,

optimal start and stop controls, and demaiwdntrolled ventilation (DCV).

2.1 ECoONOMIZERCONTROLOPTIONS

Air-side economizers use cool outdoor & reduce energy use for mechanical cooling.

When the space thermostat calls for cooling and the outdoor conditions are favorable for economizing
(as determined by the economizer controls), ansiite economizer brings in outdoor air at a rate
greaterthan the minimum required for ventilation through modulation of the outdeor and returnair
dampers. This displaces the need for some or all mechanical cooling and reduces mechanical cooling
energy consumption of the RTlev@ral commonly used economizeontrol strategies include fixed
(hightlimit) dry-bulb temperature, fixed (highimit) enthalpy, differential drybulb temperature, and
differential enthalpy.



With a fixed drybulb or enthalpyas the high limit for economizer contyahe outdoorair property (i.e.,
dry-bulb temperature or enthalpy) is measured and compared to a fixed set point. If the value of the
outdoor-air property is less than the set point, outdoor air is used to meet all or part of the cooling
demand; otherwise, the aiside ecolmizer is not used (the outdoeir dampers are positioned at the
minimum position to meet ventilation needs). Depending on the climate, and whether the economizer is
integrated with mechanical cooling, the fixed éwlb set point is usually set betweeb% and 75°F,
whereas the fixed enthalpy set point is set around 28 Btu/lb (Brandemuel and Braun 1999; Taylor and
Cheng 2010).

With a differential drybulb temperature or differential enthalpy economizer control, the outdadar
condition is measured antbmpared with the returrair condition. If the value of the outdoeair

condition (drybulb temperature or enthalpy) is less than the condition for the return air, outdoor air is
used to meet all or part of the cooling demand; otherwise, thesae econmizer is not used.

Depending on whetheair-side economizers work in conjunction with the mechanical coptimgre are

two alternatives ofeconomizer operatiojrespectively referred to as integrated and niontegrated
economizers An integrated econoreer, as its name implies, is fully integrated with the mechanical
cooling system such that it can use 100% outdoor air to provide as much cooling as pasdible
mechanical cooling is engaged to make up the cooling load not met by use of outdoor air @one

other hand, a nofintegrated economizer does not operate simultaneously with the mechanical cooling
system. When the outdoeair condition is favorable, the economizer provides all necessary cooling.
However, when the outdoeair conditions are notudficiently favorable to meet all of the cooling
demand, the outdooiair damper returns to its minimum position without the use of economizing, and
the mechanical system provides all necessary cooling.

In the following subsection the details of the standl@ontrol (preretrofit) and the advanced RTU
control technology (postetrofit) that was evaluated in the field are described. The discussion $legin
covering conventional controls, and then maete advanced RTU controls.

2.2 CONVENTIONALCONTROL FORPACKAGEDRTUS

In most packaged units, a zone thermostat controls the operation of the compressor or the gas furnace,
depending on whether the zone thermostat is calling for cooling or heating. In conventional control
strategies, the compressor or furnaceusned on or off to maintain the zone thermostat set point.

Although the compressor and furnace are cycled on and off based on the space heating and cooling
demands, the supply fan runs continuously when the building is occupied. Even tmosghew

packaged units might have agide economizer controls and staged cooling and heatiragy existing
packaged units in the market place have thermostats designed to control sitagje cooling and

heating with no economizer control. The zone thermostat cyttlescompressor and the furnace, with
the supply fan operating continuously when the building is occupied to provide ventilation.

Theconventionalcontrols tested in the field use a fixed doylb highlimit for economizer controls.
When the outdoorair temperature is less thaa preset value, typically abo66°F, and if the
thermostat calls for cooling, the outdo@ir damper is opened fully (100%). When there is a call for
cooling and the outdooair temperature is greater than 85, the outdoorair damper is set to its
minimum position and mechanical cooling is enabled.



The supplyfan speed cannot be modulatathder the conventional RTU contrgl) itsupplies constant
air volumeunder all modes of operations (ventilation, heating or cooling).

2.3 ADVANCEDRTU CONTROL

There are a number of advanced control options that can be added to RTUs including: integraigéd air
economizers, suppifan speed controls, coolircapacity controls, and demarabntrolled ventilation.

The controller that was evaluaten the field hadhe ability to support all four advanced control

options. In this subsectigeach of the advanced control optisnsed in the field is described in more
detail.

2.3.1 |Integrated Air -side Economizer Controls

The controller evaluated in théeld usel an airsideeconomizer control option that weabased primarily
upon the use of outdoor air (example filgurel) as the trigger point to determine when integration
with mechanical cooling begins or ends. Secondary eciwesroontrols to address indoor air quality
(IAQ) issues (GQdemandcontrolled ventilation) will be discussed later in this document.

1 When the outdoorair temperature wa below the compressor lockout set pooft58°F
(adjustable) and there wga calldr cooling, the outdooir damper will modulate open to
provide free cooling with the use of outdoor air. The targepply-air set point wa 54°F
(adjustable), as measured in the dischagge(leaving) side of the fan. A proportionategrat
derivative (PID) loop for cooling control waised to determine the economizer command value.

1 Alow limit of 50°F waused by a second PID loop to act as a limit control to mitigate low
dischargeair temperatures.

1 When the outdoorair temperature wa above the comq@ssor lockout set point of 58°F and
below 70°F (adjustable) and there is a call for cooling, theidé economizer asused forls
stage of coolingas determined by the thermostat or BAS. If the thermostat or BAS initiates a
call for a2" stage of coling (airside economizewasunable toreachthe cooling set point), the
compressor \asactivated as the" stage of cooling, but the agide economizer continukto
operate, using outdoor air as the lowest heat content air stream.

1 When the outdoorair temperature wa greater than 7% (adjustable) and thensas a call for
cooling, mechanical cooling (compressorgpsimitiated directly. The aiside economizer will
only utilized if the outdoosair condition (drybulb temperature or enthalpyas lowe thanthe
return-air condition (drybulb temperature or enthalpy).
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Figurel: Example of a packaged rooftop unit economizegling and heatingoil and fan arrangement.

2.3.2 Supply-Fan Speed Controls

The advanced RTU control apt had a variable spe@ drive on the supply fan that veamodulated
based on the mode of operation of the RTU. Thedja@ed control options we based upon the
different modes of operation, as determined by the thermostat or BAS as the primary triggetgo
determine what speed command sigr&fould be sent to the variablieequency drive (VFD) for the
supplyfan. Secondargpeed controls to address temperature safety limits will be discussed in this
section of the document. Tertiargpeed controls taddress indoor air quality issues such as &
DCV will be addressed in a later section of this document.

The supplyfan speed options we determined primarily by th&®TU operational modeThere wee
three primary modes of operatiornvéntilation, heding and ooling).

Venilation Mode

1 When the farwas commanded to run and them@as no command for heating or coolirtgge
RTUoperatedin the ventilation mode. fie supplyfanranat 40% of its full speed’he outdoor
air damper wa at its minimum verilation setting unless DQMherwise requirel.

Heating Mode

1 When the RTU supply fan was running and thers waall for heating, theupplyfanranat
75%0f its fullspeed when the* stage is activated (for RTUs with two stages of heating).

1 When the RU supply fan was running and theresaacall for heating, theupplyfanruns at
90%o0f its fullspeed when the" stage wa activated (for RTUs with two stages of heating).

9



When the RTU supply fan was running and thers waall for heating, theuppl fanranat
90%o0f its fullspeedwhen the heating stage veaactivated (for RTUs with only one stage of
heating).

When the heating stagel{ or 2"%) was discontinued, the supply fan remaiat the speed
correspondingo the stage that just turned off foRadditionalminutes, to allow for dissipation
of heat, before slowing down to the next speed command.

When the RTU dischargar temperature exceeds 150°F, the supfay speed wasincreased to
100% in an attempt to lower the dischargé temperature.

When the RTU discharegr temperature egeeds 170°F, all heating wdisabled until the
dischargeair temperature is below 135°F.

When a stage of heating waactivated, it remaiad active for at leastt minutes (per stage)
beforeit wasallowed to turn off(unless the high temperature limit veéaexceeded).

Cooling Mode

T

2.3.3

When the outdoofair temperature wa below the compressor lockout set pooft58°F
(adjustable) and there wega call for coolindlf stage), the outdooair damper wasnodulated
open to provide free cooling with the use of outdoor air and the fan speed@@mmanded to a
value of 75% speed. When tB& stage is activated, the fan speecigcommanded to a value
of 90% speedbut still using only the outdoor air for cooling

When the outdoor & temperature wa above the compressor lockout set point of 58°F and
below 70°F (adjustable), and there wa call fod* stage cooling, the aside economizer as
used for the ¥ stage of cooling (outdoeair dampers open) and the fan speedscommarded
to a value of 90% speed. If there is a calffistage cooling, thés stage cooling compressor
wasactivated as th&" stage of cooling and the fan speedsvemaired commanded at a value
of 90% speed.

When the outdoorair temperature wa abore 70°F (adjustable) and there wa call fod® stage
cooling, the fan speed ascommanded to a value of 75% speed. If #igstage of cooling wa
activated in this conditiojthe supplyfan speed vwscommanded to a value of 90% speed.

When the cooling chterminated the supplyfan remaired at the speedcorrespondingo the
stage that just turned off foR additional minutes, to allow for dissipation of cooling, before
slowing down to the next fan speed command.

When the RTU discharger temperature dropedbelow 48°F, the fan speedasincreased to
100% in an attempt to raise the dischargie temperature.

All cooling callsvere addressed at 90% fan speed when the Ri&bsingle stage

When theRTU dischargair temperature wa drops below 47F, all coahgwasdisabled unti
the dischargeair temperatureis above 5€F

Cooling Capacity Controls

Packaged RTUs are usually sized to handle the system load at peak design conditions, which are
expressed in terms of the weather and the internal loads of hece served. However, because the
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majority of actual operating hours occur at-g@&ak conditions, the RTU must have some capacity
reduction mechanisms to deal with pddad conditions. Two cooling capacity control methods
commonly used in packaged RTbattserve single zones include:

Simple oroff control

For this case, the compressor is switched on and off as necessary to meet the load requirements. Once
the compressor is on, it operates at full capacity, and the RTU provides cool air to the spangh@/h

space temperature drops below the zone temperature set point, the compressor is turned off. This
simple onroff control is normally used in RTUs with capacities less than 90,000 Btu/h.

Staged cooling

Staged cooling is often accomplished by usimg 6r more separate refrigeration circuits, which allows
independent operation of the individual circuits. The magnitude of the cooling load (indicated by the

deviation of the zone temperature from set point) determines whether the unit operates at its ful

capacity or a lower capacity. Atpdrt2 F R O2yRAGA2yaX dzAAy3 LI NI 2F GKS
GKS 02 YLINES a a 2dffryalingsrd OSiibute @ Betted iyidoor temperature and humidity

control.

When the cooling mode begingg advanced RTU control usthe outdoorair temperatureas the
trigger point to determine when the outdoor aside economizer is integrated with mechanical cooling,
and how many stages of mechanical cooling will be allowexperate

1 When the outdoorair temperature is above the compressor lockout set point of 58°F and below
70°F (adjustable) and there is a call f8istage cooling, the aiside economizer will be used for
the 15t stage of cooling. If there is a call the 2" stage of cooling, thé® stage cooling
compressor will be activated. Once the compressor is activaté@nainute timer will start. At
the end of thelO-minute time period, if the dischargair temperature is above 58°F, ti2#
stage compressor will be activated.

1 When the outdoo-air temperature is above 70°F (adjustable)th stages of mechanical cooling
will be used (staged) as required. The economizer (use of outdoor air) will only occur if the
outdoor-air temperature is lower than the returair temperature.

1 When the RTU dihargeair temperature drops below 42°F, all mechanical cooling will be
disabled until the dischargair temperature rises above 50°F.

1 When a stage of cooling is activated, it must remain active for at felarstutes (per stage)
before being allowed to tun off (unless the low temperature limit is exceeded).

2.3.4 Demand-Control led Ventilation Controls

Demandcontrolled ventilation(DCVadjusts the amount of outdoor air based on the number of
occupants and the corresponding ventilation demand. Although a muraboptions(such as direct
people counting, timeof-day schedule tracking, and measuringgC@nhcentration)are available to
estimate the actual occupancy of spaces,6&sed DCV is by far the most commonly implemented
measure when outdoor air ventilan is dynamically reset (Stanke 2006)-6&sed DCV relies on
sensed Cgroncentrations in the space (usually measured in the return air) to regulate the ventilation
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rate. Assuming that the GQeneration rate is proportional to the number of occuparitee minimum
required outdoorair flow rate for singlezone systems can be calculated from the spacg CO
concentration set point and the difference between indoor and outdoos €@centrations (ASHRAE
2010a). By reducing outdo@ir intake (when not econorming), DCV has the potential to reduce the
energy associated with conditioning the outdoor air.

TheDCMn the advanced contr@@r usesthe returnrair CQ as the trigger point to deterime how to

regulate the outdoosair damper and farspeed controls t@nsure that the maximum allowable €0

levels high CQ@set point = 1000 ppm) are not exceeddslased on theeturn-air CQ concentration,a

PID loops usedo generate a @o 100% ventilation signal, whichttgen used to adjust the outdoeair

damper conrmand and thesupplyfan speed in a sequential and stepped fashid@V increasghe

calculated volume of outdoor air in response to the.&Vels exceeding the high €§&t point until the

calculated outdoot A NJ @2t dz¥YS YI G OKSa i Kintloh30vEad)dsialle)Thia NJ @2 f dzY
maximum ventilation can be set at the design level becabse&éntilation Standard (ASHRAE 2010a)

does not requirghe amount of outdoor air to exceed the design ventilation for €ahtrol. The

following describes thisidetail:

9 The control algorithm multiplies the damper command value by the stigpl\speed value to
estimate thevolume of outdoor air. For instance, if the fan speed is 4@6t{lationmode) and
the outdoorair damper command is 10%, the equation woléd0.40 x 0.10 = 0.0%hich
means thatd%of the design supphair flow isoutdoor air.

1 Ifthe CQlevel risesto a value that approached or exceeded the high limit €5 point (1000
ppm), the controller would first increase the outdeair damper in a attempt to lower the C®
levels. So, if the outdoeair damper signal was increased from 10% up to 100% (maximum
opening), the equation would show a calculated outdaarvolume of 40% (0.40 x 1.00 = 0.40
or 40%).Becauseil KA 4 SEOSSR& @AXKSSdMYE EAFilzYLI2 AW o6om:03
damper command would be held at 75% open, resulting in a calculated ousdloeolume of
30%.

9 If the outdoorair temperature is cold (less than 48°F), the outdasrdamper command may
not openwider thanwhat the low limit (e.g., 50F) of dischargeair temperatureallows In this
casethe controller will increase the supply fan spetabringin more outdoor air while
meeting the low limit of dischargair temperature

1 When both airside economizer and DCV controfs active, the economizer control takes
precedence over DCV control.

12



3 FIELD MEASUREMENTMETERING ANDMONITORING

The metering and monitoring plan deployed to assess and characterizelfamced controllein the
field are discussed in this section. Huvancedcontroller was tested on 66 rooftop units (RTUs) on 8
different buildingsand 4 different climate locationsThe sme metering and monitoring plan was used
on all RTYto: 1) estimate the energy savings resulting from retrofitting the RTUs withdkanced
controller and 2) verify the operations of tla@lvancedcontroller.

3.1 METERING ANDNSTRUMENTATION

Figure2 shows the schematic of a typical RTU with sensor locations. Outdoor air enters the RTU through
a damper and is mixed with the air returned from the space. The mixed air then passes through an air
filter to protect downstream components from dirt accumulation. Depending on the space temperature,
the supply air is either cooled by heat exchange wii ¢ooler refrigerant passing through the

evaporator coil, or heated by a gas furnace. An exhaust fan may also be used to exhaust some return air
to the outdoors through a gravity backdraft damper. A packaged heat pump has the same metering
setup but takes different configuratiorfrom Figure2 becausea reverse vapor compression cycle is

used for heating. Thus, the heating coil and the DX (direct exchange) cooling coil are combined into one
component. A gas burnenay be needed for supplemental heating when the DX heating capacity is not
sufficient to meet the space heating load.

/N a % space temperature
<\g/> total RTU power (applicableif the controller works as BMS)
/" \
exhaust air Q N return air
< ([k Sensor |abels:
exhaust fan O . temperature sensor
(¢ CO, sensor
| vy return air @ ovxfer consumption
L/ NSNS } damper @ P P
) AN disch .
outdoor air ISCharge arr
> ‘ >
Tk 8 S
N

 E—

outdoor air damper air filter heating coil DX cooling coil  supply fan

Figure2: Schematiciagramshowingsensorsused tomeasuremencritical parametersin thefieldtest
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3.2 SENSORS

The following sensors were used for all RTU field tests:

1 A thermistortype temperature sensor made by tamation Components Inc. (ACI) svased to
measure the outdoosir temperature, the air temperature in the return duct, the mixen
temperature ight after the dampers, and the discharge temperature downstream of the
cooling coil. At some buildings where thdvancedontroller was used as a building
managemensystem (B1S), the space temperature was also monitored. The raoyuof the
temperature sensor wa +0.36°F in the operating temperature range (40°F to 120°F).

1 The total power consumption of the RTU was measured using a power transducer from
Continental Control Systems with an accuracy of £0.5% of reading.

1 The C@concentration in the reurn-air duct was monitored using a sensor from ACI with an
accuracy of £30 ppm in the operating range (400 to 1500 ppm). Theo@Centration in the
return duct isconsideredrepresentative of that in the spaa@nd can thus be used in demand
controlledventilation.

In addition to the temperature, power and @&&nsor measuremest a number of control signals vee
alsomonitored. Tablel lists all sensor measurements and control signals monitored.

Field Name
Timestamp
Occupied
ESMMode
FanSpeed
FanPower
OaTemp
RaTemp
MaTemp
DaTemp
SpaceTemp

ActClgStpt

ActHtgStpt
VentMode

CoolCalll
CoolCall2
CoolCmd1

Tablel: List of Sensor Measurements and Monitored Control Signals

Unit

True/False
True/False
%

kw

°F

°F

°F

°F

°F

°F

°F

True/False

True/False
True/False

True/False

Notes

Local time in the format of yyyynm-dd hh:mm

Indication of whether the space saccupied based on the building occupancy
:I'Hjé; ':&dvanced control logic; False = Standard control logic

Speed of the variablepeed drive for the supply fan

Measured from the variablepeed drive

Dry-bulb temperatureof the autdoor air, measured onsite on each unit
Dry-bulb temperatureof the return air

Dry-bulb temperatureof the mixed air

Dry-bulb temperatureof the dscharge air

Space temperature, available only for the uthiat used the advancedontroller
as the BS

Cooling set point, available only for the uttiat used the advancedtontrolleras
the BMS

Heating set point, available only for the utiiat used the advancedontrolleras
the BMS

Control sigal indicating whether the unit wain ventilation mode (no call for
heating, cooling or dehumidification)

1ststage cooling signal from thermostat oM
2" stage cooling sighdrom thermostat or B1S
The advancedontrollerinitiated command to ¥ stage compressor/cooling
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CoolCmd2
AuxHeatCmd
EconMode

AdvanceCool

DehumidStatu
S

HeatCalll
HeatCall2
HeatCmd1
HeatCmd2
PowerExCmd
PowerExStpt
Damper
CO2Sensor
CO2Stpt
DCVMax¥wlu
UnitPower
ControllerDow

DriveLock

True/False
True/False
True/False

True/False

True/False

True/False
True/False
True/False
True/False
True/False
%

%

PPM

PPM

%

kW
True/False

True/False

The advancedontrollerinitiated command to 2 stage compressor/cooling
The advancedontrollerinitiated command to the auxiliary heater for heat

The advancedontrollerinitiated command for economizer cooling

Indicated whether the advanced economizer contieés used for spae
nreconlina

Indication of call for dehmidification (i.e., compressor vgzon without a cooling
call). Used only at the site of BJ Wholesale. Dehumidification is not part of th
Catalyst capability, bute Catalyst controller itiated the compressor in
response to space dehumidification request.

1%t stage heang signal from thermostat or B8

2" stage heating signal from thermostat oS

The advancedontrollerinitiated command to 1 stage heating

The advancedontrollerinitiated command to 2 stage heating

The advancedontrollerinitiated command for the power exhaust fan, if exists
Set point to actiate the power exhaust fan based on outdeair damper
V(iJiuitB!lthcommand for outdooair damper opening position

CQ concentration sensed in returair duct

CQ set point for demanetontrolled ventilation

Maximum outdoorair damper position in response to high {évels
Total electric power for the unit, measured by a power meter
Indication of loss of communications

Indicated when thevariablefrequency drive wa not responding correctly to a
run command

3.3 MONITORINGPLAN

The monitoring plan consistl of collectng data at each RTU, aggregating the data from all RTlds on
site, storing it locally on the rogfand streaming the data irealtime to the Cloud for analysis. All points
listed inTablel were recorded at dminute intervals and stored locally on the roof and also streamed
live to be stored in the Cloud for analysis. In case of loss of communidatatiata stored locally on

the roofwere retrieved when the communication vgareesablished, so the loss of data waninimized.

Figure3 schematically shows the entire monitoring process. A buildiag configued with a dce202-
XPR24 (Java Application Control Engine) device that ess) conne@d with multiple RTUs and is
connected tathe cellular network (via the wireless modem). The cellular communication retmire
small monthly fee to allow for contirous monitoring and dataansferto a hosted web service. The
Jaceprovided the interface to the Catalys?71 controller andnput/output device and also servexs a
data logger. The logged data svaploaded to the Cloud at regular intervals. In cddess of
communication, the logged data will be stored in tlxeefor a maximum of 4 hours, but if a
communications outage lastl longer than this, some trended datauld have beeifost. The Catalyst
371 controller conne@&d to the variabldrequency dive (VFD) and the power transducer via its internal

Modbus port.
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Figure3: Schematic of th®TUremotemonitoring

e

The Catalyst controller laga service switch to change the RTU control logic between the standard
control and he advanced energy saving control. During the standard control operation, the dapply
speed was always at 100% when the RTH wapeation; the airside economizer wanot integrated

with mechanical cooling and it is controlled with a fixed-dwb temperature; and thalemand
controlledventilation was disabled. During the advanced energy saving control operation, the supply fan
ranat different speeds depending on the RTU operation modes such as ventil&tistagk cooling and

2"d stage coolingsee Section 2.3.P the airside economizer waintegratedwith mechanical cooling

and it was controlled with differential dmapulb tempeature controls; and the demandontrolled

ventilation wa enabled.

During the field tests, the standard control and @vanced control were alternad daily. The

standard control wa intended to emulate the RTU operation before retrofitting the controller. Thus, the
test days with the standard control operation form the perofit period while the days with the

advancel control form the postretrofit period. The alternating RTU operations between the standard
control and theadvancedcontrol continued until sufficient test data covering different weather
conditions were collected.
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4 STE AND EQUIPMENTDESCRIPTIONS

A total of 66RTUs on 8 different buildings veemetered and monitored as described in the previous
section.Table2 provides a summary of the building sites, including the location, the building type,
number of RTUtested, the RTU type, and the funding source.

Major characteristics ofable2 are:

Site
ID

28

39
40
41
43
44
46
51

1

The buildings are located in four states: Washington (WA), Ohio (OH), California (CA), and
Pennsylvania (PA). These locationkifdb the following climate zones: Cleveland, OH (5A);
Oaks, PA (4A), Valencia, CA (3B), and all the sites in WA fall under Seattle (4C). Details on the
climate zone definition can be found in ASHRAE Standard 90.1 (ASHRB)E 2010
The building types coved mercantile (both retail and shopping malls), office, food sales, and
healthcare.
Of the 66 tested RTUs, 17 meegpackaged heat pumgsiP)and the restwere packaged air
conditioners with gas hedqAC)
20 RTU demonstrationgere funded by DOE and the tesere funded by BPAAIl DOEunded
RTUtestsveNB f 201 GSR G . SGGSNI . dzA f R whl&aBPAuUnded A I y OS
RTU testsverelocatedinnon. . ! YSYOoSNRa FIFOAfAGASA
At three sites (site ID = 28, 41, 43), t@vancedccontroller receved control signals from the
programmable thermostat in the conditioned space. At four sites (site ID = 39, 40, 46, 51), the
advancedcontroller receivel control signals from the space temperature sensor connected to a
local BMS. Adite 44, theadvancedcontroller worked as the BAS.
Table2: Simmary of buildings participatinigy the field tests
Location Building Type Funding | Number | RTU RTU Control Configuration
Source | of RTUs | Type
Lynnwood, WA Mercantile (malls) | BPA 28 AC Programmable thermostat
Cleveland, OH Healthcare DOE 2 AC Existing BMS
Oaks, PA Mercantile (retail) | DOE 8 AC Existing BMS
Kent, WA Office BPA 1 HP Programmable thermostat
Everett , WA Office BPA 6 HP Programmable thermostat
FederaWay, WA | Mercantile (malls) | BPA 11 HP Advanced controlleas BMS
Valencia, CA Food sales DOE 5 AC Existing BMS
Bellevue, WA Mercantile (retail) | DOE 5 AC Existing BMS

Tables Al and A2 in Appendix A provide details of each RTU obtained from ettieeRTU nameplate
or spot measurements. The following is a description of each column in these tables.

T
)l

Site ID: Building site identification.
RTUD: Unique RTU identification number.
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1 Make RTU manufacturdgone of the threg Carrier, Trane, or Lennox.

1 Model: RTU model number.

=

Tonnage: RTHrated cooling capacity in tons. R3ikeranged from a minimum cooling capacity
of 5 tons to a maximum capacity of 25 tons.

EER: Rated energy efficiency ratio (EER3.EER rangedom 8.5 to 12.

COP: Rated heatirapefficient of performance (COP), which only appteeheat pumps.
Auxiliary heating capacity (Aux Ht): The backup heater capacity in kW for heat pumps.
Fan power: Fan power in kW, measured at 100% fan speed.

15t stage burner: I stage gas furnace capcin kBtu/h for air conditioners with gas furnace.

=A =4 =4 =4 =4 =4

2"d stage burner: % stage gas furnace capacity in kBtu/h. THesBage furnace capacity refers
to the full heating capacity of the gas furnace.

1 Economizer changeover temperature: The fixedHolnlb temperature used to enable agide
economizer control while emulating pretrofit operations. For buildirgwhere the fixed dry
bulb temperature for aikside economizer control was not known, a change over temperature of

55°F was used.

1 Preretrofit minimum outdoor-air damperposition: This damper setting waised while
emulating preretrofit operations.

1 Postretrofit minimum outdoorair damperposition: This damper setting waised during the
postretrofit operations.

1 Preretrofit fan control strategy: Té supplyfan control strategy used to emulafee-retrofit
operations, which wa 100% for all RTUs.

1 Occupancy schedule: The occupancy schedule for the spaces servedRyUW. The occupancy
schedule wa collected from building owners.

9 Occupied coolinget point: The space cooling set point during the occupied perioaly
applied to buildings where Catalyst controller functions as the BMS or when the Catalyst
controller hal access to the building BMS.

1 Unoccupied heating set point: The space heatingosé@tt during the unoccupied periods, only
applied to buildings where Catalyst controller functions as the BMS or when the Catalyst
controller had access to the buildingNBS.

1 Unoccupied cooling set point: The space cooling set point during the occupiedqesinly
applies to buildings where Catalyst controller functions as the BMS or when the Catalyst
controller has access to the building BMS.

Figure4 shows the distribution of RTUs by manufactufégure5 shows the number of RTUs by the
size. A majority of the RTUs in the demonstratizare between 10 and 15 tons.
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5 ENERGYXAVINGSESTIMATION METHODOLOGY

This section provides the details of the methodology used in determining the energy savings from
advanced RTU controls retrofit. The energy savings estimation metrgydoged is similar to that
defined in ASHRAE GuidelineZBD2 (ASHRAE 2002). The first step in the process involves developing
regression models based on the measured data during thegirefit period (ie., when the standard
controls wee used) and th@ostretrofit period (i.e.,when the advanced RTU controlsmeaised). The
second step is to estimate the energy consumption of the RTU using thretppét model (standard
controls) under the postetrofit conditions (e.g.postretrofit outdoor-air canditions, etc.). The energy
savings wee then computed as the differences between the estimated energy use and the measured
actual energy use over the pesdtrofit period. In addition to the actual saxgs, normalized annual
savings wee also calculatedsing the typical meteorological year (TMY) weather datacalculate
normalized savings, thare- and postretrofit models weae used to estimate the preand postretrofit
energy consumption using TMY weather data. The difference between thamgat-retrofit energy
consumption wa the normalizeédnnualenergy savings. The rest of the section describes the
procedures used to preprocess monitored field data for use in modeling, the regression model
development, the approach used to develop the enyesgvings calculation, and the savings uncertainty
estimation.

5.1 FELD TESTDATA PROCESSING

The highresolution (Eminute) monitoreddata cannot be used directly for regression model
RSOPSt2LIYSyid o06SOldzaS m0O a2YS -midutefre refolutiohis aizhey Ga Y I &
best resolution for modelssed to estimate energy savings (Katipamula et al. 1986d 3) the RTU

total energy needs to be disaggregated for heating and cooling model developmergfdreethe raw

monitored data wee prepro@ssed in a number of stegacludingfiltering2 dzi & o6+ Ré¢ RIF G =
disaggregahg RTU energyand aggregangthe 1-minute data into daily data suitable for regression

model development.

5.1.1 Data Filtering

The firs step in model developmentwa (1 2 T Adhtal fy M@ntfying tRein ashmarking them as
bad, so they wee not used for subsequent data analysis. A data record (set of data associated with one
we! F2NJ 2yS GAYS Ayl SNIDIdfalowhgconditioNgwdrRet: & a SNNR NE A

1 Communications lost between the advanced RTU controller and the archived database. In this
OlFlasSz GKS f233SR RI (I Talldl NhdicatédBs TRUR Y i NP f §t SNBE2 g Y

1 The supplyfan VFD is not responding correctly to a run commanthifncase, the logged data
G NAF ot S draoekigiiicated dssTRUEY

1 The measured unit ener§ykWh) is not available or is not a positive value.

1 The sensed space temperature is negative.

! Although the total electric energy consumption in kWh is recorded, its consumption is also referred to as average
kW consmption over the recorded interval, which isminute.

20



1 The supplyffan runs at a sped lower than expected when the space is occupied. According to
the control sequence presented in Section 2, the fan speed is not expected to be less than 40%
when the space is occupied and the supply fan is operational. Therefore, when the-&rpply
spedl is lower than 35%he data record is marked as an errdhe value of 35% instead 49%
is set as the low limiib avoid removing those records with fan spea&ad between 35% and 40%
caused by fan speed ramping and rowwitlerror in fan speed recordm

1 ¢KS Y2yAG2NBR RIGEF 3ISGa aaitdOlé F2NIF LISNR2R 2

sensor/meter measurements (e.g., outdeair temperature and RTU energy) are constant and
unchanged. The stuck data occur when there are issues in transferring oiatahfe local
controller to the web server. The stuck data were identified manually during the data analysis.

The record marked as error in this step vegenot considered in the subsequent data analysis.

5.1.2 RTU Energy Disaggregation

The totalelectrical energ consumption wa monitored for all RTUs, which inclutipe supply fan, the
compressor, the condenser fan and the parasitic power used for RTU control and crankcase heater. The
total measured energy need to be separated into different components to urrdéand the impact of

the RTU controller retrofit on RTU energy arsts.

When an RTWas in the idle mode (i.e., when the spagas unoccupied and theupplyfan speedvas
zero), the RTU powevasregarded as equal to its parasitic power. It was assuthatthe parasitic
energy consumption rema@d constant andvas independent of the RTU control modes (i.e., advanced
control being on or off). Thus, for each RTU, its parasitic power consunvpimnalculated as the
average of measured RTU power when timit idled. Table3 provides the calculated parasitic power for
alRTUs. dzy A Qa LI NFraAGAO LR26SNIYFe 0SS NBLRNISR
continuously and never went to the idle mode during the monitoringqee In this casej K S dzy A
parasitic power wa assumed to be zero.

- a
Qa

The supplyfan power consumption wasalculatal from the total unit power consumption as follows:

9 Step 1: For each unit, the data records satisfyiregfollowing conditions were coli¢edi) the
unit in ventilation mode; and ii) the space occupied.

1 Step 2: When an RTU runs in ventilation mode, the measured power is the sum of thefanpply
power and the parasitic power. Therefore, for each data record collected from the previous
step, the supplyfan powerwascalculated as the difference between the measured total RTU
power and the parasitic power shown Tiable3.

9 Step 3: For each data record, the supfag power from Step &vas compared with thesupply
fan power recorded by the contractor at startujpables A-1 and A2 in Appendix A) Before
installing the advanced RTU controller on each RTU, the contractor recordsdgplfan
power at 100% speed. If treipplyfan power from &p 2 wa 1.5 times higheor 0.5 times less
than the contractofrecorded fan power, this implies that the estimated fan power from
monitored data has some outliers. Agsible reason for the outliers wdhat the control signal
from the thermostat commaned a unit in ventilatiormode, but the compressor may still be
runningbecause othe minimum runtime constraint.
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1 Step 4: The fan power from all data records excluding those outliems averaged. The average
was regarded as the fan power at 100% fan speed.

Using the above stey the supplyfan power at 100% fan speeehs calculated for all test unitas
shown inTable3.

Table3: Calculated RTU parasitic power and suiatypower

Parasitic SupplyFan Supply Fan
RTU ID Power (kW) | Power(kW) Power (hp)
202 0.07 2.8 3.7
203 0.02 1.7 2.3
204 0.03 2.3 3.1
205 0.17 1.8 2.4
206 0.05 2.1 2.8
207 0.05 6.7 8.9
209 0.05 0.7 0.9
210 0.03 8.5 11.3
212 0.03 7.1 9.4
213 0.05 2.9 3.8
214 0.07 1.2 1.6
215 0.03 1.8 25
216 0.06 23 3.0
217 0.07 1.9 2.6
218 0.04 2.2 2.9
219 0.04 1.3 1.7
220 0.03 1.0 1.4
221 0.05 1.5 2.0
222 0.13 1.4 1.9
223 0.10 1.8 2.4
224 0.06 1.3 1.7
225 0.01 15 2.0
226 0.03 2.5 3.4
227 0.02 1.7 2.2
228 0.07 2.3 3.1
229 0.09 3.8 5.0
231 0.03 1.7 22
362 0.15 2.5 3.3
363 0.05 5.8 7.7
364 0.31 4.8 6.4
365 0.30 5.1 6.8
366 0.33 5.0 6.7
367 NA 6.1 8.1
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Parasitic SupplyFan Supply Fan
RTU ID Power (kW) | Power(kW) Power (hp)
368 0.31 4.8 6.4
369 NA 5.2 7.0
370 NA 5.1 6.9
371 NA 4.8 6.4
372 0.61 2.4 3.1
375 0.17 2.6 3.4
376 0.08 1.0 14
377 0.07 11 14
378 0.13 2.5 3.3
379 0.08 0.4 0.6
380 0.08 1.1 1.4
381 0.70 2.0 2.6
382 0.12 2.0 2.7
383 0.17 2.0 2.7
384 0.05 2.2 2.9
385 0.18 2.0 2.7
386 0.15 1.7 2.2
387 0.24 1.8 2.4
388 0.18 1.8 2.4
389 0.05 1.9 25
390 0.22 1.7 2.2
391 0.18 1.9 25
407 0.06 1.0 1.4
408 0.04 1.4 1.9
409 0.08 2.5 3.4
410 NA 3.0 4.0
411 0.18 4.4 5.9
423 0.16 2.0 2.6
424 0.15 1.8 2.4
425 0.15 2.3 3.0
426 0.15 2.1 2.7
427 0.14 2.3 3.0

For the postretrofit period with advanced RTU cgntrols, the supplyfamat different peeds
depending on the RTU operation mode. @6 ¢ 0 0 idenote the supplyfan power at 100% speed
(seeTable3). For each data record in the peastrofit period, the supplyfan powerwas calculated as:

. YE QOO O I OO0 DRNOOMOAGEH® WO 6 DA DO O
"ONE DO U T U N Y S O e 51
—— 8200t 00 O0wo oMo P &IWO 6 WA PQWO (&1)

where"Y¢ Q0 s thé measured total RTU power in kivéd i 0 is the parasitic power in kW from
Table3, "Ow ¢ "YnixkEeE®easured suppifian speedn the range between 0 and 100 w6 6 @& OQ WO
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indicatesthe gas furnace or compressor (for heat pumps) status (1 indicating heating is on and 0 off),
andd O 6 & dndidatésthe compressor status (1 indicatingoling is on and 0 off). It needs to be
noted that bothd o 6 & caf@® @606 £ate derived variables, which will be discussed in detail in
the next section. For the ideal situation with no power loss on the fan drive and motor, the power is
proportional to the cube of thsupplyfan speed. Chan (2004) and Ford (2011) tsngevn that to
approximately account for these losses, thplyfan power can be expressed as being proportional to
the fan speed, to a power of between 2.0ch3.0. Thus, the exponent 2.5 svased to express the
supplyfan power law relationship to theupplyfan speed.

For each data record, the cooling powér{ ¢ & 0 £indk@), which includes the compressor powad
the condenser fan power, vgacalculated as:

secaseogtROOOBETOTAITO1 Bdosbape td 52
OWOOo0OwOaate € a

where"O® ¢ 0 @équals to0M & 0 0 iand’O® ¢ U 0 jrespectively, for the preetrofit period and the

postretrofit periods.

For each dataecord, he heating power wa calculated diﬁierently between heat pumps and RTUs with
gas furnaces. For heat pumps, the heating poWi@tX® 0 0 € pPirfkiw), which includithe
compressor power and the condenser fan poweas calculated as:

ondpon ¢ RoIDBETOBAT IO 8a0sbaTR0bo 53
0OWOoOo0wa @dwo
For RTUs with gas furnaces, the hegthower ©Q ¢ 6 0 ¢ () iRkBtu/h), which is simply ¢éhgas

0 dzNY SN A& A Y skHiula®dakdr OAGex ¢!

001 &€ OWQO OAQVOT & GO0 Q Y daEnD
"OQMOO0 & VQIO6T &€ APQE O QAT & OOQYHHEHN (5-4)
Tt QOO € OOQYDd QO i

where"06 i & & OaMA"Gi £ & o aré tefurnace capacity at tHE! stage and the full capacity

with both stages on, respectivel\D6 i & ¢ & ‘Qinthcaies the furnace status, which can be off, 1
stage running Y 0 ¢pREr both stages runningYo & QThe furnace capacities, both

0601 & Goamd@or & & o e dhy nameplate capacities recorded at startup, and they are listed
in Table Al in Appendix AThe furnace status vgaderived from the measured heating control
command signals@Q & 0 @and¥0’Q & 6 @ iin Tablel). For eample, the furnacean at its ¥ stage if
the heating commands REOQ w0 ® & andOQ b o0 @ & R

5.1.3 Determination of RTU Actual Heating and Cooling Satus

As mentioned in Section 5.18,0 0 6 & RMEIOG® 6 ¢ dwere thextwo variables used to indicate
whether an RTU lahits gas furnace on or compressor on during a time step. The values of these two
variables are derived fromneter measurements and logd control variables according to the seque
shown inFigure6. Although thdogged points contaied control variables to indicate the heating and
cooling commands (e.gSoolCmd1CoolCmd2HeatCmdlandHeatCmdan Tablel), theywere not
useddirectly to determine the actual RTU heating and cooling status for the following reasons:
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9 The control sequence had-minute minimum runtime for compressors and gas furnaces to
avoid short cycling. If the space temperature met the-gfitset point inless than 4minutes
after the RTU initiateits mechanical cooling (or heating), the cooling (or heating) command
wasoff but the compressor (or gas furnace) contiduanning for the remaining time in that4
minute window.

1 The RTUs at one sitedhdehumdification control. Initially, the dehumidificationgnal was not
monitored. There wee many time steps with the cooling command off but the compressor still
on for the purpose of dehumidification.

1 The cooling commands may get stuck§ometime. In thissituation, the cooling commands
were true (i.e.,0 € € G p afforo € ¢ a § a (g when the compressawas actually off.

CoolCmd1=1or
CoolCmd2=1 or

HeatCmd1=1 or UnitPowerO

= ok
DehumidStatus=1 HeatCmd2=1 3* FanPower
Yes
- Heat pump
UnitPower O No No
3* FanPower
No Yes
Yes
Ves UnitPower® DaTemp < MaTemp
3* FanPower
No
Yes
\ 4 Y \ 4 A 4 A 4 A 4 A 4
ActualHeat=0 ActualHeat=0 ActualHeat=1 ActualHeat=0 ActualHeat=0
ActualCool=1 ActualCool=0 ActualCool=0 ActualCool=1 ActualCool=0

Figure6: Flowchart for determining the RTU actual heating and cooling status based on the measured
control variables

As shown irFigure6, the RTU total power vgaalso used to determingd @ 6 6 O@AAR GO0 6 G dyd € & &
comparing the RTU total poweYg "Qo6 0 ¥and®ie supphfan power (O & 0 ¢)DIf@He RTU total
powerwas several times greater than the supply fan poeeg., a factor of 3 waused in this work)

the compressor must be on no matter what the heating or cooling commands are. The disaltarge
temperature O @ "YQ)éand the mxed-air temperature ¢ "Y'Q fiwere used to determine the heat

pump heating/cooling status if bbtheating and cooling commands wezero. Note that comparing the
RTU total power and the supplgin power works for cooling and wherheat pump wa used ér

heating. For RTUs with gas heat, the heating statassdetermined from the heating commands (i.e.,
HeatCmdlandHeatCmd2

5.1.4 Data Aggregation and Normalization in Daily Format

As stated previously, the data wanonitored at Iminute intervals. Howevethe 1-minute interval
datawere notsuitable for regession model development. Thigshecause the compressor (or gas
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furnace) cycles to meet the space thermal loads. Under the same weather conditions, the RTU may have
a very different energy use signatudepending on the compressor (or gas furnace) running status. The
highly diversified signature of RTU energy wiélead to unreliable regression models. Therefathe

1-minute monitored data wee aggregatediailyfor use in the regression models.

Because the RTU only operdt&hen the space it is serving svaccupied, the daily dataere
aggregated frm only those occupied periodBor both the preetrofit period and the postetrofit
period, the daily data aggregatioasulted inthe following daa list:

1 Day type'0 @ w "Y Hh@day type wsaan enumerated variable used to indicate the day of the
week.

1 RTU runtime'Y 6 ¢ "Y' (rirhiQurs). This wathe total RTU running time counted from the
monitored data records tht were not marked asrmerror. Because of the existence of error
data records, the RTU runtime waot necessarily equal to the scheduled RTU operation hours.

1 Average outdoodair temperature ¢ 0 "QU0,0n"¥F) when the RTU waperating. The average
outdoor-air temperaturewas computedrom those records counted by the RTU runtime.
Hence 0 0 "QU différed from the daily average outdoeair temperature conventionally used in
literature, which covers the entire 24 hours.

1 Dailysupplyfan energy’© & "Qa w "OcL3iD &VWh). The dailgupplyfan energy wa calculated
as:

0O Q0 ®OOE 0OBUGAMD ¢ (55)
where the subscriptindicates the monitored record not marked as an error.

1 Daily cooling energyd & "Qa w 6 £ & ,dd®wWh). The daily cooling energy svealculated as:
0OQO W6 £ £ & @O £ £T¢ TR (56)

1 Daily heating energyQd @ "Qa w '0Q & pirdkéVRfor'Beat pumps and in kBtu for gas furrgce
The daly heating energy wacalculated as:
0®hQd ©0QGMo6 OB QD L £ fip @i (5-7)

f Daily total RTU electricity consumptio® ( "Qa 'Y “YifYkWeh)QEor heat pumps, the daily total
RTU electricity consumption imcled all of the energy used for heating, cooling, the supply fan,

and the RTU control system. For RTUs with gak hewever, the heating energy wanot
included. The daily RTU electricity consumpticas calculated as:

0O ®Y'YYB QO 0 Apifi (5-8)
where5 T E Qi6 theOneasured total RTU power in kW.
It was found that the daily runtime may vary for a given RTU. The varying runtsieaused by any of
the four reasons: 1) the scheduled RTU operation hours diffevéen weekdays andeekends; 2) if
optimal start wa used, the RTU starting time miagve varieddepending on the control parameter
@t dzSa dzaSR o0& 2LIJiAYIFf &adil NIwkredfferentiakKds) wiiteMonBdNd 2 F & S
to meet the unoccumd set points Because the daiRTUruntime varied the daily energy consumption
for fan, heating, and cooling needéa be normalized by dividing it by tHTUruntime (fan runtime)for
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that day. The normalizedaily energy consumption data weethen usel for regression model
development.

5.2 REGRESSIOMODELDEVELOPMENT

Regression modelsere used to correlate the dailgverageheating, cooling and total energy
consumption (previously described) with the average outdaiotemperature. Theoretically, these
regression models can have one to five parameters depending on building type and the-esergy

LI GGSNY o!' {1l w!'9 HananuHO®d ! FGSNI I 1jdzA Ol 221 i &asSg@gs
0SG6SSYy we¢! Qa Sy SQiNBEmperalzieSit wagbund tBatitie Rn2egpbithmeter (3P)

and the fiveparameter (5P) changeoint models wee appropriate. The change point is a threshold
below (above) which mechanical cooling (heating) is not needed to maintain the space temperature in
its deadbandThe5-P changepoint model was applied to the total electricity for heat pumps. The3
changepoint model wa applied to all other cases including cooling only, heating only, and the total
electricityconsumptionwhen the RTWsed naturalgas for heating. Aér developing the regression
models for each RTUf the 3P or the 5P models wee not appropriate, alternate modeisill be
considered.

The 3P changepoint model for RTU cooling is conceptually illustrateBigure?, whid has the
following functional form:

0O 6 6z060NBY (59)

where,O is thedaily averagdRTU gooling energy inkWho ,6 ,and”Y are regression

coefficients as shown iRigure7; il KS a4 dz &8 ONRA LI abé YSlIya GKIG 2yfeé Lk
expression are considered; and the variable "QU teféfs to the average outdoeair temperature in

°F.

The 3P changepoint model for RTU heating is conceptually illustrate&igure8, which has the
following functional form:

0O 6 6z°Y B0OQBLY (510)

where O s thedaily averagdR TU heating energy (in kWhfor heat pumps and kBth for gas
furnaces)p ,06 (negative), and’Y are regession coefficients for heatings shown irFigure8.
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Ecool

DE

DT
Bc=DE/DT

Teep Outdoor Air Temperature

Figure7: A representation of 8-parameterregressiormodelfor cooling onlyor the total electricity of
an RTU with gas heat

Enheat

DE

DT
Ch |

By =DE/DT

Ther

Outdoor Air Temperature
Figure8: A representation of 8-parameterregressiormodel for RTU heating only

For RTUs with gas heat, the®hangegoint model for the total electricity consumption (includj
cooling, fan, and the parasitic energy for equipment controt) thee same look as illustrated Figure?.

The model can be expressed with the following equation:

0 5 62080Q0067Y (5-11)
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whereO is thedaily averagdRTU total electricity use in kW andé ,6 ,and”Y are
regression coefficients.

For heatpumps the most likely model for the total electricity consumption (including heating, cooling,
fan, and the parasitic energy for equipment control) isR Bodel, which is conceptually illustrated in
Figure9 and has the followig functional form:

O 0 6 z7Y O0L™QOOY6 2z 00LQIOTY , (5-12)

whered ,0 (negative)p ,”Y and”Y are regression coefficients.

EtotaIEIec
DT1 DT2
CHC q4
By=DE1/DT1 Bc=DE2/DT2
| |
I I
THep Tccp  Outdoor Air Temperature

Figure9: A representation of &-Pregressiormodel total electricityof a heat pump

5.3 ENERGYCHARTING ANDMETRICST OOL

The Energy Charting and Metrics (ECAM) Tool was used to develop the regression models and the
coefficients based on the normalized dadlyergy consumption data and the average outdadar

temperature. ECAM is available as a free-addor Microsoft Excel; the tool makes extensive use of

9EOSt LMAG20 GloftSad 550St2LISyid 2F NBINBaarzy Y2R
incdudes creation of charts to helpuildingre-tuning andcomparingenergyconsumptionfrom retrofits

orretro-O2 YYA A4 aA2yAy3Id a2NB RSGIFIAf & 2y 9/ | Tadeévigehdzy OlG A 2y
et al. (2011)

5.4 ENERGYSAVINGSCALCULATION

The regresion models wee used to determine energy savings from the advanced RTU controller in two
ways: actual savings and normalized savings (ASHRAE 2002). To obtain the actual sapiegs, the
retrofit regression model waused with actual monitored data (i.everage daily outdoeair
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temperature) from the postetrofit period to estimate the expected energy consumption with standard
controls. The differences between the expected energy use and the measured actual energy use during
the postretrofit period ware summed together to obtain the actual savings. To obtain the normalized
savings, botlpre- and post retrofit models wee used with the TMY weather data ovkyear to

estimate both the consumption with standard controls and advanced controls. The diffssdretween

the estimated preand postretrofit energy usd€rom the two regression models we summed to obtain

the normalized annual savings. The equatiorsdu® calculate energy savings regresented below.

The actual savings for different energydarses are calculated as:

06 ¢ O 0GhE G  OME O (5-13)
a0 O6££00 6€€aq (5-14)
VQHO0  0QMOP 0QMO G (5-15)
YY'YO YYYO;,  YYYO i (5-16)

where"O® &, ¢ £,500 & ,cai@'Y "Y'Y4De the fan energy (kWh), the cooling energy (kWh), the
heating energy (kWh for heat pumps and kBtudas furnaces), and the total RTU electricity
consumption (kWh), respectively; the subsckipto 0 "Yiéxre€ens the actual savingst stands forthe
total number of days in the posetrofit period; 1} i &dd& ‘Q dreéspectivelyrepresentthe pre-retrofit
energy estimagd for the postretrofit period andthe measured energy use over the pestrofit period.

The expected fan energy use is calculated as:
OOE'G B TOOEDULIZYOE YQAQ (5-17)

where the subscriptrepresents the day index in the pesitrofit period;"0&% ¢ 0 0 idenotes the
supplyfan power (kW) at 100% speed (see Section 5.%%);¢ "Y'®dh@ RTU running time (hours)
calculated from the data records (seec8on 5.1.4).

The expected cooling energy, heating energy andItRTU electricity consumption veecalculated

from the corresponding preetrofit regression model along with the daily average outdaor
temperature during the postetrofit period. Forexample, for an RTU with gas heat, the expected total
electricity use is calculated as:

YYYO B 6 8z 60Q0Y0 Y 2'Y6 & "Y'Q4 Q (5-18)

whered ,0 ,and”Y are regression coefficients for the pretrofit RTU total electricity model (see
Section 5.2); andd 0 "QU & the average outdoeair temperature (°F) calculated from the monitored
data (see Section 5.1.4). The expected heating energy and cooling energy under standard controls
during postretrofit period can be calculated in a slarimanner.

The actual energy savings redor a specific period, which may be less tharear and vary with

different units. In addition, the weather experienced during that period matyrepresent the typical
weather conditions in a particular locati. Therefore, normalized annual energy savings based on the
typical meteorological year (TNIWeather data wee helpful to understand the impact of the RTU
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retrofit controller and compare the savings for different unitsie normalized annual savings for
different energy endises are calculated as:

86600 8¢ & a0 B6eéap (5-19)

0Qwo O 0Qwo P oQwo @ (5-20)

Y O Y YYO; YYYOy , (5-21)
eRTU - Cool RTUs with ga

Fan E»,c,rmSa\,e - \e E’lormSave E'lormsave ( g 3 (5_2 2)

:, RTUE’lormSave_ COOIE’\ormSave_ HeatEwnnSave(heat pump$

where the subscripts € i & "Yigoiy, ¢ | aod"YD depresent the normalized savings, the perofit
energy userojected to the whole TMY, the posttrofit energy use projected to the whole TMY, and
the number of days (i.e., 365) in the TMY, respectively.

The projected cooling energy, heatingeegy and total RTU electricity wecalculated from the
correspondimg regression models (both pretrofit and postretrofit) driven by the daily average
outdoor-air temperature from TMY. For example, for&@ unit the projected total electricity uses in
the pre- and postretrofit periods are calculated as:

YIYYC B 6§ & z 00 "QOY0 Y Z0 OOYQA Q (5-23)
YYYOR B 6 6z 060QbY0"Y 20 0N (5-24)

where,0 @ @ "YiQdictes the total occupancy time (hours) for each day, which is derived from the
occupancyscheduled 0 "Q0 i3 the outdoorair temperature (°F) averaged over the occupied period
based on the TMY daté; ,6 ,and”Y are regression coefficients for the RTU total electricity model
(see Section 5.2). The coefficients for the-prtrofit (or post-retrofit) regression model we used to
calculate the projected preetrofit (or postretrofit) electricity uses.

After the absolute energy savings mecalculated, percentage savings can be also calculated. For
example, the actual percent savings for RTU total electrigity ( ) is calculated as:

O —zzpmmnb (5-25)

h

The percentage savings for R3lpplyfan energy, heting energy and cooling energy veecalculated in
a similar manner.

5.5 SAVINGSUNCERTAINTYESTIMATION

Because there can be errors in measurememtd also errors associated with models, #aving
estimateswill have some uncertainty. According to ASHRAE Guideline 14 (ASHRAE 2002), the following
three primary sources of quantifiable uncertainty shall be considered in savings determination:
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1 Sampling uncertainty generated from not measuring the entire Sdte current study wa
intendedto measure the savings potential of each RThkrdore, the sampling uncertainty vga
not considered.Although the savings results will be studied in different Biduips such as
those at the same building site and those within the same capacity rang&TUs selected for
retrofits were by no means the random sample of the enget

1 Measurement equipment error generated from tlealibration range, and repeatality of the
equipment and installatin effects. Measurement errors we estimated for no-billing energy
use meters and the measurements of postrofit independent variables. Thus, in this work, the
sources of measurement equipment erroae from the dectric power meter and the
outdoor-air temperature sensor.

1 Modeling uncertainty generated from the prediction error of the regression mo@&ssause
gas consumption wainot measured, uncertainyssociated with heating models waot
calculated.

The factional savings uncertainty, expressed as the ratio of the expected savings uncertainty to the
total savings, is estimated for both the actual savings and the normalized savings.

5.5.1 Actual Savings Uncertainty
For actual savings, the fractional savings utasty is calculated as:

YO Y % % 8 (5-26)

where"Yindicates the savings uncertainty; the subscripisdel iv, andmeterrefer to the uncertainty
from the regression model, the independerdriable (i.e., outdocair temperature sensor)
measurement error, and the power meter measurement error, respectively.

Based on ASHRAE (2008% modeling uncertainty Y ) is calculated as:

TY z 8 z , 8

; : (5-27)
where0is the tstatistic determined from the confidence level and the number of data points in the pre
retrofit period; € is the number of data points (i.e., days) used to develop thergm®fit regression
model;& is the number of data points (i.e., days) in the prattofit period; 6 w is the coefficient of
variation of the root mean square error for the pretrofit regression model; ant®© is the actual
savings percengge as calculated by Equatio5.

More information about how to obtain the$tatistic and the coefficient of variation can be found in
ASHRAE (2002).

The fractional savings uncertainty created by the error in measurement of outtlotemperature
(5 ) during the postetrofit period is calculated as:

Y —s0 O s, (5-28)

where'O and”O indicate the savings percentage-calculated by replacing the original daily
average outdoodair temperatured 0 Q0 wittyo 0 "Q0 0 ¥¥Yando L "Q0 O YYY respectively. Note
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that ¥"Yis the maximum deviation of the outdo@ir temperature sensor measurement, which is equal
to 0.36°F based on the sensor accuracy. As outlined in Section 5.3, the approach of using¢h®iire
regressdn model withd 0 "Q0 0 ¥Yando U "QU 0 YYYis used to calculatéd and"O

The fractional savings uncertainty caused by the power meter measurement &fror () was
estimated at a constant of 0.5%, which is the rekatrror of the power meter reading. That is,

Y ™ b, (529)

5.5.2 Normalized Savings Uncertainty

For normalized savings, the fractional savings uncertainty is calculated as:

* Yy
Y —M
S S

: (5-30)
where YOis the absolute uncertainty in electricity savings (kWh); ‘&t "Y'O is the normalized
annual electricity savings calculated from Equatie2il5

The normalized savinggere calculated by running the prand postretrofit regression models using
the TMY outdooiair temperature data. No physical measuremewtye involved. The absolute savings
uncertaintyYQis calculated as described by Effinger et al. (2009):

yo Yo o) & (5:31)
whereYO andYO are the absolute savings uncertainty for the pegrofit and postretrofit
regression models. They waecalculated using the following equations:

38
YO 0Zpg 62 ——  ZYYYO; (5-32)

8
YO 0Zpg g6 2 ——  zZYYYOR (5-33)
whered w is the coefficient of variation of the root meanqugare error for the preetrofit regression
model;0 w is the coefficient of variation of the root mean square error for the pestofit
regression modeE is the number of data points (i.e., days) used to develop thergm®fit
regression modeg is the number of data points (i.e., days) used to develop the-pesbfit
regression modeld is the number of days in the TMY datet when the RTU is scheduled to
operate;'Y "Y'YO; s the expeatd RTU total electricity consumption (kWh) for the whole TMY based
on the preretrofit regression model; an®f "Y'YO s the expected RTU total electricity
consumption (kWh) for the whole TMY based on the pestofit regression model.
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6 ADVANCEDCONTROLSAND ECONOMIZERCONTROLS
VALIDATION

Oneof the major objectives of this studyas to validatethat the advanced controller functioria the
field. In comparison with the preetrofit RTU operation, the advanced controller used in thaklftest
study hal three major energefficiencyfeatures the supplyfan speed control, DCV, aitegratedair-
side economizer control. Therefore, the validation process concert@tethe supplyfan, the DCV, and
the airside economizer operati@ Ths section presents the validati@pproachand the findings from
this validation process.

6.1 VALIDATION OF THE SUPLY FAN OPERATION

When the advance®TUcontrol is activated, the supply fan runs at different speeds depending on the
we ! Qa 2 LIS NJlasell ényfhe votivISegdence described in Section 2, the sdgplgpeed
normally vari@ according to the following rules:

Rule 1. If an RTU main the ventilation modesupplyfan speed wa40%.

Rule 2: If an RTU raim the economizing only mode and the outdeair temperature wa less
than 58°Fsupplyfan speed wa75% for the 1 stage cooling andupplyfan speedvas
90% for the 2 stage cooling.

Rule 3: If an RTUan in the economizing only mode and the outdeair temperature wa greater
than 58°Fsupplyfan speeds 90%.

Rule 4: If an RTUan in the F'stage DX cooling and the outdeair temperaturewasbetween 58
and 70°Fsupplyfan speed wa90%.

Rule 5: If an RTUan in the F'stage DX cooling and the outdeair temperaturewas greater than
70°F supplyfan speed wa75%.

Rule 6: If anRTU anin the 2% stage DX cooling and the outdeair temperaturewas greater
than 70°Fsupplyfan speed wa90%.

Rule 7: If an RTUan in the F'stage heatingsupplyfan speed wa75%.
Rule 8: If an RTUan in the 29stage heatingsupplyfan speed wa90%.

Becaus of the large amount af-minute datacollectedduringthe monitoring period, it wanot feasible
to validate the fan speedt every time stepToprioritize problems, database queriesepresenting each
of the eight rules described above meeused on alRT$to provide statistics on the number of records
violating thesupplyfan speed rule corresponding to that RTU operational condititsmng this
information, the percentage of records violating teapplyfan speed rules can be calculatédh
arbitrary 10% thresholdvas usedo decide whether further investigationsere needed to analyze the
causes of the rule violation. For each RTU, if the percentage of records violatipglgfan speed rule
was more than 10%, efforts were taken to look into theninute raw data for possible causes of the
rule violation; otherwise, thsupplyfan speed controlvas considered to bavorking properly. An
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example illustrates the validation process clearly. For unit 223, the statistical resultseighatiules
are slown inTable4.

Table4: Example results from ¢hfanspeed control validation process using database query

Rule Total number of d_ata record_s.fo 'Ijotal-number of rule Percen_tagg of data record
the base operational condition violating data records violating the rule (%)

Rule 1 148392 2203 15
Rule 2* NA NA NA
Rule 3 2295 103 4.5
Rule 4 777 4 0.5
Rule 5 4777 156 3.3
Rule 6 17870 276 15
Rule 7 2463 691 28.1
Rule 8 3524 162 4.6

* NAmeans no data retuned from the database query.

Thefollowing needs to be noted forable4:

1 The monitored control signaisere used to establish the database queries for counting the
number of data records. For example, for Ruléh®,base opertdonal condition wa RTU
running in the economizing only mode with the outdeair temperature greater than 58°F. The
data records satisfying the base operational condition indLithe following requirements: 1)
the data recordvas not marked as error; BTU an under the advanced control lag
(ESMModas True); 3) space waccupied@ccupied= True); 4) RTU operatén the
economizing only modeJoolCmd% FalseCoolCmd2 False, an&EconMode= True); and 5) the
outdoor-air temperature wa greater tha 58°F{§ w "YQ & g g ). Tablel can be referred to
for the definition of variables used in the parentheses. Similarlyd#ia records violating Rule
3 were counted based on the following requirements: 1) the above five requents satisfying
the base oprational condition for Rule 3 we met; and 2supplyfan speed wa not equal to

90%.

1 Unit 223 ha more than 10% of the data records violating Rule 7 8upplyfan speed wa not
at 75%) when itan in the PB'stage heatig mode. Efforts were made to detect the causes of
Rule 7 violation. It was found that during many furnace cycles, the controller reldbive
heating call from the thermostat for onllyminute. Based on the control sequence, theply
fan speed continu@to run at the heating speed (i.e., 75%) for another 2 minutes after the
heating call terminates. Then, tisipplyfan speedvent to 40% at the # minute, starting from
the heating call. Meanwhile, the control sequencel al-minute minimum runtime fothe
heating command. Thus, thé'4ninute data record of the furnace on cyaies foundto violate
Rule 7. This detailed investigation endiitkat the rule-violating data recordsvere explained
and the advanced controller woekl properly for the supplhfan speed control.

Similar statistics and investigation of radmlating records were made fail other tested RTUs. Overall,
based on the analysis of the monitored datae supplyfan speed control workedorrectly according to
the control sequence. Albugh forsome units, many data records vier NB LJ2 NIi SR (i 2
for supplyfan speed controlyet they actually followed the control sequence. This phenomenon
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happered because the contradequencesvere not completely covered by the databaseeges in two
situations: RTU mode transition periods and RTU limit controls. For example, the control sequence
indicated that the supplyfan continuel to run at the cooling speed for 2 minutes after the cooling
command hd terminated to dissipate any rediial cold from the cooling coil. In this case, the supply fan
ran at 75% or 90%although the control signal indicadeRTU running in the ventilation mode. An
exanple for the RTU limit controls wahat the supplfan speed increaskif the dischargeair

temperature €ll below 48°F. In this case, the supply fan at 100% in the mechanical cooling modes.

A couple of other findings from the processsobplyfan speed control validatioare also provided
below, although they do not relate tsupplyfan gpeed control.

1

The data points @ stuck for a period of time. For exampkgurel0 shows the electric power
(UnitPwi) and the control signal for the''ktage cooling command&olCmd}for unit 223 on
October 4, 2012CoolCmdivaa truee¢ from 7:34 to 13:48but the unit power wa very small,
which indicates that CoolCmdl &tucke Based on the feedback from the controller
manufacturer, the stuck points primariccured in the transfer from thenput/output device

of the corroller to the monitoring platform The stuck point issue waelated to data

collection but not equipment operatioms can be seen frofigurel0, although the cool
O2YYlI YR LR EY i KS& adrad  dzO (ddyhat fhe wiwasSntlactuglIiR dodingli S
When a point wa sticke ¢ 4 genemllyeleasd after a new cooling command winitiated.
For example, after the new cooling command at about 13&ihlCmdEtame back to normal.
The existence of stuck points is oofethe reasons that actual cooling and heating status reeed
to be determined from the control signals (see Section 5.1.3).

Unit Power (kW)

O F,r N W H U1 O N 00 ©

=
o

. N
1 = UnitPwr *
= Co00ICmd1

Control Command

7:34
7:45
7:56
8:07
8:18
8:29
8:40
8:51
9:02
9:13
9:24
9:35
9:46
9:57
10:08
10:19
11:36
11:47
11:58
12:09
12:20
12:31
12:42
12:53
13:04
13:15
13:26
13:37
13:48
13:59

10:30
10:41
1 10:52
11:03
11:14
11:25
14:10

FigurelO: An example of atsck cooling command famit 223

1 Heat pump units hdheat spikes in cooling-or exampleFigurell shows the mixeehir

temperature MaTemp, the dischargair temperature DaTemp, and the control signal for the

1t stage cooling command (CoolCmd1) for unit 378 on August 31, 2012. There are ariotal of
cooling cycles during the period from 8:00 to 13:30. Five cooling cyadbdaeat spike

problem, as indicated by the high dischai@etemperature. This issue was discussed with the
controller manufactuer. It seems that the problem vgaat the sart of cooling call, the

compressor is turned on before tieS I i LJdzY LIQa N peSeNHawS@r, itk f 39S
not clear why the problem happea for some cooling cycles but not others.
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Figurell: An example of heat spikearihg coolingmodefor heat pumps

6.2 VALIDATION OF THEDEMAND-CONTROLLED VENTILATON (DCV) OPERATION

With demandcontrolled ventiation, the outdoorair damper wa modulatecbased on the measured
CQ concentration in the returrair stream. The advanced coatier calculatel the percentage of
outdoor air PercentOAin the design supplgr stream as the product of supplgin speed and outdoer
air damper position. There is a setting for the minimum outdaibpercentageNlinOA and another
setting for the makmum outdoorair percentageNlaxOA in response to DCV. If tineeasuredCQ
concentrationin the returnair streamwas less than the G@oncentration set poin{<1000 ppn), the
outdoor-air damperwas set to theMinOAposition,unless airside economizer as active. If the
measuredCQ concentration is greater than the G€oncentration set poin{>1000 ppn), the advanced
controller useda PID loop to control the damper opening in response tontleasuredCQ
concentrationin the returnair stream The praluct of the damper position and fan speed will never
exceedMVaxOAposition.

DCV operationvas validated using the same approach as that for the supply fan control. Database
gueries are used tgeneratestatistics on the number of records for two situat®orCQ concentration
was less than ;000 ppm; and C£roncentration wa greater than D00 ppm. The rules for the above
two situations areasfollows:

Rule 9: If the measuredCQ concentration was less than 000 ppm and the unitvas not running
in the economize mode,PercentOAvas MinOA (5% for all RTUS).

Rule 10: If the sensed C{roncentration wa greater than D00 ppm and the univas not running
in the economizer moddéRercentOAies in betweerMinOA(5% for all RTUs) afdaxOA

The statistics and investigation fle-violating records were made for all RTUs. This process lead to the
conclusion that thé®CV control in thadvanced controller word correctly according to the control
sequenceFigurel2is an example showing the related ¢mi variables for DCV on November 23, 2012
for unit 203. Because this unit ses@ shopping mall and that day was Thanksgiving holiday, the
measuredCQ concentration wa greater than ;D00 ppm for most times. Unit 203 daxOAset at

30%. Thus, when €émeasuredCQ concentration is continuously above 1000 ppm from 8:00 to 18:30,
PercentOAvas at 30% (i.e.MaxOA. When themeasuredCQ concentrationwas continuously below

1,000 ppm from 20:30 to 21:5@ercentOAs at 5% (i.e.MinOA. When themeasurel CQ
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concentration fluctuatd around 1000 ppm (e.g., from 19:10 to 20:30), the damper opening and
therebyPercentOAlynamically changgbased on the response from tH&D control loop.

70 4 1200 €
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60 - =
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o 50 4 E=1
© ©
£ S
o 40 =
a 30 <)
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20 +—- ——Fan Speed =——Damper 8
+ 200
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Time

Figurel2: An example of DCV operation

6.3 VALIDATION OF THE ECROMIZER OPERATION

When the space temperature wabove the cooling set point, cooling is needé&tie codhg needs
couldbe met by outdooiair alone(economizing)combination of outdoorir and mechanical cooling
(integrated economing)or mechanical cooling. Theweere number ofrules that goveredthe
economizer controls. For examplethe RTU controls suppa@d differential dry-bulb economizer
control and if the returmair temperaturewas higher than the outdoeair temperatue and if therewas
a call for cooling, the outdoeair damper must be open 100%lhemeasuredoutdoor-, return-, mixed
and dischargair temperatures, and the outdoeaiir damperand coolingsignas were used together to
validate the economizer operatiomn addition to the outdoowir damper signal, the outdoeair
fraction (OAF)vas computed from themeasuredemperatures and compared to its expect@dF
value.

6.3.1 Validation of the Economizer Controls

Economizer controlvas validated using the same apjh as the suppian control and DCV. Database
guerieswere used togeneratestatistics on the number of records for three situations: the outdar
damperdoes not fully open when it should; the outdoair damper wa openingnorethan the
minimumpostion; and economizing when there wao call for cooling. The rules for the above three
situationswere formulated ashownbelow:

Rule 11: If the advanced controller receidea coolingcalland the outdoorair conditionwas
favorable for economizing, the dampeust be ina fully openposition(or to maintain a
fixed-air dischargeair temperature typically 50F).

Rule 12: If the advanced controller receidex coolingcalland the outdoor conditionwas not
favorable for economizing, the dampest be athe minimum posibn satisfyingMinOA
(see Section 6.2).
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Rule 13: If the advanced controller didot receive a coolingall, the dampemust be atthe
minimum position satisfyinylinOA(see Section 6.2).

The query results shawd that a majority of RTUs lkdavery low percentages ofatia records violating the
above three rules on economizer contriilfor any unit the rule was violated more than 10% of the
time, efforts were made to investigate the causeseTiwestigation led to the followinfindings:

1 The lowlimit control of distargeair temperature causgsome units to have a large percentage
of data records violating Rule 11. As explained in Section 2, whatigtigargeair temperature
droppedbelow the low limit of 48°F, the damperasmodulated tomaintain a 50F discharge
air temperatureeven if there wa an economizing call.

1 RTU 383 has 27% of the data records violating Rul&fforts were made to detect the cause of
this large number of violatisbut were unsuccessful. All ruigolating records occued
between Jun€012 and September 2012.

In addition to the three economizer rules, the units mayl lother economizer faults thatould rot be
detected by simple rulesTo identifythose faults, a diagnostics tool (AirDx) was used. The findings from
use of the tool arsummarized in the next subsection.

6.3.2 Validation of the Economizer Operations

In addition to the correct execution of the sequence of operations, the physical components of
economizers must function properly to achieve the maximum energy savings from thacad

controls. For this purpose, an aide diagnostic software togKatipamula et al. 1999 and 20083s
dzZaSR G2 @It ARIGS G KSngicasigderpelatBrasadd RZopéSaNdn (i A 2 Y @
schedules, AirDidentified certain faults that potentilly reduce energy savings or cause ventilation
problems. OAF is the fraction of actual outdodr A NJ @2 f dzY' S NI fotal GupgySir viol@mel K S
For all RTUs, the desired OARsWatween5% and 100%, corresponding to the minimum and the
maximum danper position respectively. Thus, with the aid of AirDke relative effectiveness of the
economizewasdetermined by comparing the desired OAF and the OAF calculated from the
temperature measurementd able5 showsthe percentage of data records with the calculated OAF in
the ranges of 0 to 10%, 10% to 20%, and greater than 20% fgsiiage across the sitehen the
advanced controller commared the damper b the minimum position. This table indicates whethe
over-ventilation was a potential problem at a sitéSome sites (28, 40 and 41) consistently had higher
OAF than expected. This is not a control problemwagmost likely caused by damper leakag®l
non-linear relationship of damper position to ti@AF.

Overventilation occurredvhen the outdoorair damper operd wider when itwas commanded to be at
the minimum positioror when OAF exceeded the expected minimum OAF even when the otdadoor
damper was at the minimum positiofiable5 showsthat site 40 has more than 5086 data records

with the calculated OAF greater than 20% while the aatupectedOAFRwas 5%. AirDx consistently
reported the same ecomuizer fault for all RTUs at theste. For examplerigurel3 shows the AirDx

output for RTU 370 at Sitéd4uring July. The AirDx outpagtdisplayed by month with each column
representingl day ascending from left to right withihmonth and each square representitdnour
ascending from top to bedm within 1 day. The bar within a square indicates that the RTU compressor
state clanges, such as from off to olm this figure, the red squares indicate the problem of over
ventilation (or energy waste)
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Table5: Distribution of calculated OAF by sitéhen the damper weicommanded tthe minimum

position
Site | Number OAF Range
ID | of RTUs 0% 10%20% #20%
28 27 37% 37% 26%
39 2 96% 2% 2%
40 8 17% 32% 51%
41 1 68% 12% 21%
43 6 84% 13% 3%
44 11 95% 2% 3%
46 2 84% 12% 4%
51 5 100% 0% 0%

Figurel3: AirDx output for RTU 370 in July, 2012

Several RTUs ates 28 exhibited the same ovefentilation problems as RTU 370. Because the OAF is
calculated from thaneasuredreturn- , outdoor, andmixed-air temperatures, anynaccuracies obiases

in temperature sens@madethe calculated OAF unreliabl&mall biases (less thaPR) are difficult to
detect. Therefore, the reported oveventilation mayhave beercaused by either real damper preohs
(leakage)pr temperature sensor faults. The AirDx tool identified that five RTdigea?8 have faults
associated with the mixedir temperature sensorHowever the temperature sensors were checked
before installation, so the problem may not be asisbed with sensing element but the location of the
sensors. Accurate measurement of mix@dtemperature is difficult in RTUs because of stratification of
air. Some units have more stratification than othezisher because of the design or site consttion
(position of returnair ducts)or proximity of the sensor to cooling/heating coils
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AsTable5 shows, RTUs aites 39, 43, 44, 46, and 51 tahe calculated OAFs less than 10% for a large
portion ofthe operations when th damper wa commandedo the minimum position. This indicade
that the RTUsit these sites basicallyidlnot have the ovetventilation problem.

Table6 shows the percentage of data records with the calculated OAF in the rah§&8b6 to 100%,
70% to 85%, 50% to 70%, and less than 50% bgasiteage across sit@)henthe advanced controller
commandedhe damper b the fully open position. This table indicatesnditions when OAF was not
100% when the damper wgdully oen. Mast sites with exceptionf 40 and 46, had issues bringing in
100% outdoomir even when the dampewas fully open. Again, this waiot a control problem, buvas
most likely caused by dampkyakage non-linear relationship of damper position to the OAkd
inaccuracies or biases in temperature sensors

Table6: Distribution of calculaad OAF by site when the dampersa@mmandedd the fully open

position
Site | Number OAF Range
ID| of RTUs 0% |  50%70% 70%85% XYy P
28 27 10% 2% 21% 40%
39 2 93% 7% 0% 0%
40 8 0% 0% 2% 98%
41 1 22% 41% 23% 14%
43 6 6% 7% 66% 22%
44 11 38% 23% 4% 35%
46 2 5% 3% 8% 84%
51 5 18% 25% 31% 26%

Table6 shows that the two RTUs aites 39 hal the calculated OAF less th&0% while the desire@AF
was 100%. This indicates thamitdoor-air dampers orRT$ at this site were not functioning properly.
For examplethe faultisclearly illustrated irFigurel4 for RTU 363where the mixedand returrair
temperatures(MAT and RAT in the figuraje plotted against the outdoeair temperature fortimes
when this condition occursThis figure showthat the mixedair temperature wa very close to the
return-air temperature, demonsating that little outcbor air was beingbrought into the mixeeair
chamber when economizing.
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